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Advanced large-scale energy storage devices are increasingly required for 
grids and electric automobiles. Redox flow battery (RFB), which has decoupled 
power and storage units, is a promising energy storage device for large scale 
applications. The biggest challenge for conventional aqueous RFB is low energy 
density due to the limited solubility of active species and constrained cell voltage. To 
increase the energy density, redox flow lithium ion battery (RFLB) provides a 
promising approach by combining lithium ion storage materials into RFB. Current 
research on RFLB is mostly focused on the cathodic side, while fairly limited efforts 
have been put on the anodic side.  
The aim of this work was to investigate the anodic compartment of RFLB as 
well as the full cell. The RFLB anodic half-cell was studied based on a redox 
targeting concept, in which TiO2 was reduced by decamethylcobaltocene (CoCp*2) 
and LixTiO2 was oxidized by cobaltocene (CoCp2). The X-ray photoelectron 
spectroscopy (XPS) and Raman spectroscopy analysis provided clear evidence of 
redox targeting reactions. The reactions showed excellent reversibility. A RFLB 
anodic half-cell was demonstrated, in which anatase TiO2 was stored static in the tank, 
while the electron transfer was performed by circulating the redox molecules. In 
addition, a RFLB full cell was realized using LiFePO4 in the cathodic compartment 





, which was about 5 times higher than conventional aqueous redox flow 
battery. 
The rates of chemical lithiation and delithiation reactions were also studied. 
The redox targeting reactions were researched by utilizing a layered electrode to 
isolate the chemical reaction from complex battery operations. Meanwhile, the charge 
transfer in RFLB anodic half-cell was investigated using a method based on 
galvanostatic intermittent titration technique (GITT). It was found the chemical 
lithiation and delithiation reactions were sufficiently fast, unlikely to be the limiting 
step.  
Besides the redox targeting concept, the present work also studied an organic 
lithium metal solution as the anolyte for redox flow lithium ion battery. Lithium 
metal was dissolved with biphenyl (BP) in Tetraethylene glycol dimethyl ether 
(TEGDME), and 2 mol L
-1
 concentration was achieved. The BP-Li-TEGDME 
solution showed good redox activity and low redox potential.  
Overall, this study investigated the anodic compartment of RFLB based on 
two different concepts: the redox targeting and the organic lithium metal solution. 
The redox targeting reactions provided an elegant method to employ solid active 
materials with high energy density. On the other hand, the organic lithium metal 
solution brought a another perspective to the anolyte of RFLB. More significantly, 
 X 
 
improved energy density was successfully demonstrated in the RFLB full cell, 
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CHAPTER 1. INTRODUCTION 
1.1 Background 
To meet the energy demands of the increasing global population, the present 
energy production of the world will be doubled by 2050.
[1]
 Our society is aware of the 
sustainable development more than ever before. Due to limited fossil fuel resources 
and global climate change, the energy increase must be achieved without dramatic CO2 
emissions.
[2]
 For this goal, renewable energy technologies have been popular topics in 
recent decades. Renewable energy sources, such as wind and solar, are all generally 
dispersed and inherently intermittent.
[3]
 Due to the capricious nature of the renewable 
power, advanced large-scale energy storage devices are required to make the best use 
of these renewable energy resources. The present energy storage capacity can only 
store around 1% of the energy consumed worldwide,
[1]
 and the current trend seems to 
favor more large-scale energy storage devices to increase the penetration of renewable 
energy.  
Rechargeable batteries offer an efficient way to store energy. Available 
battery technologies include lithium ion, nickel-metal hydride (Ni-MH), lead acid, 
redox flow, and sodium–sulfur (Na-S) system. Among them, redox flow battery (RFB) 
is considered as a promising energy storage technology which is suitable for stationary 
applications due to its modular design, good scalability, flexible operation and 
moderate maintenance cost.
[4]
 Unlike the enclosed configuration of lithium ion 
 2 
 
batteries where energy is stored with the electrode sheets, redox flow batteries employ 
active species dissolved in liquid electrolytes, which are stored in the tanks, separated 
from the electrodes. Redox flow battery has been developed for large-scale application 
for decades, and some of RFB systems have been successfully demonstrated in 
megawatt scale. However, none of the present RFB systems is widely commercialized. 
The most severe challenge for RFB is the low energy density, which results into high 
cost for unit energy storage. The state-of-the-art energy density of RFB is in the range 
of 20-30 Wh L
-1
, which is much lower than other battery systems such as lithium ion 
batteries.
[5]
 Moreover, compared with lithium ion batteries, whose energy density have 
been increasing by 8%-9% per year since 1990s,
[6]
 the major systems in RFB field have 
remained almost the same for more than two decades.
[7]
  
A variety of new approaches have been proposed in order to improve the 
performance of RFB, especially in the energy density. Among them, hybrid systems 
that combine lithium (ion) battery and redox flow battery are attracting great attention 
in recent years. By combining the lithium ion battery chemistry with the advantage of 
redox flow system, a new generation of flow battery with significantly enhanced 
energy density could be developed. A brief review of research progress of lithium ion 
battery, redox flow battery and the synergy of the two systems will be presented in 
the following section.  
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1.2 Lithium Ion Battery 
Lithium ion battery was developed in the late 1980s, and now it is the most 
popular energy storage device for portable electronics because of its high energy 
density.
[8, 9]
 In a conventional lithium ion battery, cathode and anode are separated by 
electrolyte, as shown in Figure 1-1, and the lithium ions are shuttled between the two 
insertion host electrodes during the charge-discharge process.
[10]
 In a typical 
commercial lithium ion battery, the anode is a carbon-based material such as graphitic 
microbeads while the cathode is usually based on an intercalation metal oxide, 
typically LiCoO2. A polymer separator is commonly used to separate the cathode and 
anode. The electrolyte, which is often a solution of a lithium salt such as LiPF6, is filled 







Figure 1-1 Illustration of the charge/discharge process involved in a lithium ion cell consisting of 
graphite as the anode and layered LiMO2 as the cathode. (Reprinted with permission from 
Advanced Energy Materials 2, 770-779 (2012). Copyright 2012, WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim) 
 
Anode:  𝐿𝑖𝑥𝐶6 → 𝐶6 + 𝑥𝐿𝑖
+ + 𝑥𝑒− (1.1) 
Cathode: 𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖
+ + 𝑥𝑒− → 𝐿𝑖𝑀𝑂2 (1.2) 
Overall: 𝐿𝑖1−𝑥𝑀𝑂2 + 𝐿𝑖𝑥𝐶6 → 𝐶6 + 𝐿𝑖𝑀𝑂2 (1.3) 
Where C6 stands for the graphite anode. The mature cathode materials include 
lithium transition metal oxides, which could be classified into LiMO2 layered structure 
(such as LiCoO2 and LiMnO2, LiNiO2), LiM2O4 spinel structure (for example 
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LiMn2O4), polyanion-based compounds, Lix My(XO4 )z (M = transition metal; X = P, S, 
Si, Mo, W), etc.
[12]
 Most reported lithium insertion compounds have low electronic 
conductivity, so conductive materials, which usually is carbon, need to be added into 
the cathode to provide a conducting network. While, however, the volumetric energy 
density is compromised. Lithium metal is the most straightforward anode material 
because of the highest theoretical specific capacity. Batteries containing lithium metal 
is called lithium battery. However, for the sake of safety and cycling performance, 
lithium metal is replaced by alloys, oxides, and carbonaceous materials.
[12, 13]
 For 
example, graphite is the most popular commercial anode material today. 
[13]
  
Moving beyond the portable electronics, lithium ion battery is pursuing its 
application for large-scale energy storage, such as electric vehicles and power grids. 
So far, however, scaling up lithium ion battery still seems to be problematic due to 
some difficulties. Firstly, in a typical lithium ion battery, electrodes store the active 
materials. Meanwhile, electrochemical reactions happen on the electrodes. This 
enclosed configuration raises potential hazard, especially in large cells, since a tiny 
disorder during reaction could affect all the materials. In fact, various accidents, 
including fires and explosions have occurred during the production and operation of 
lithium ion batteries.
[14]
 Also, big battery packs which consist of a large number of 
cells that are connected in series and/or in parallel increases complexity. Weak 
batteries in a big battery pack may cause overcharging and overdischarging. As a result 
a sophisticate control system is usually required, which may raise the cost of battery. 
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Therefore, the future breakthrough in lithium ion battery calls for cell design moving 
beyond the classical configuration, and developing new concept batteries with 
alternative chemistries.  
1.3 Redox Flow Batteries 
Redox flow battery systems possess a unique structure,
[15]
 which consists of 
three parts: stack cell, energy storage tanks and the flow system (Figure 1-2). Upon 
operating, the fluids (catholyte and anolyte) containing redox active species are driven 
by the pump and circulate through each of the half compartments of the cells. The 
conversion between chemical energy and electrical energy occurs while the 
electrolytes are flowing through the electrodes.
[16]
 Such configuration brings RFB the 
unique and attractive feature that other battery systems do not have: the decoupled 
energy storage and power output, which enables an independent control over capacity 






Figure 1-2 Scheme of a redox flow battery. Active species are stored externally in storage tanks, 
while the conversion between electrical and chemical energy occurs in the cell unit. 
 
1.3.1 Aqueous redox flow batteries 
The early research for redox flow batteries were developed in Germany by 
Walther Kangro at the Technical University of Braunschweig in mid-20th century, as 
the possibilities of energy storage was preliminarily tested with redox couples.
[17, 18] 
The first modern redox flow battery is the Fe-Cr system primarily developed at 








 redox couples are employed in the 
catholyte and anolyte, delivering a cell voltage of 1.18 V.
[19, 20]
 However, some 




 and H2 evolution, limit the 
further development of Fe-Cr flow battery. Following the Fe-Cr system, many redox 





 zinc-bromine, etc. 
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Among them, the all vanadium redox flow battery (VRB) system attracts the most 
attention.
[4]
 VRB was invented by Skyllas-Kazacos and co-workers in 1980s.
 [25-28] 
Continuous researches have been conducted on this technology since that time.
 [29-32]
 









VRB employs vanadium as the only element in both catholyte and anolyte, giving a 
cell voltage about 1.26 V. The chemistry of employing single element in both 
catholyte and anolyte greatly alleviates the crossover contamination, which allows for 




+ + 2𝐻+ + 𝑒− ↔ 𝑉𝑂2+ + 𝐻2𝑂 1.00 V vs. SHE (1.4) 
Anodic: 𝑉2+ − 𝑒− ↔ 𝑉3+  -0.26 V vs. SHE   (1.5) 
The all-vanadium flow battery is the most extensively researched redox flow 
battery technology, and some VRB demonstration systems of MWh scale have been 
installed.
[21, 34-36]
 The concentration of vanadium species is around 2 mol L
-1
 in acidic 
aqueous electrolytes, and the energy density is 20-30 Wh L
-1
. Although it seems to 
have advantages over most other flow battery systems, such a low energy density 
makes it less attractive when compared with rivals like lithium ion battery, and this is 
also the biggest challenge for commercialization. Meanwhile, the toxicity hazard of 




 also hinder the 
widespread adoption of VRB.
[37]
 Various modifications have been proposed based on 
vanadium flow battery chemistry. For instance, researchers from Pacific Northwest 
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National Laboratory (PNNL) reported a Fe/V battery, combining the advantages of 











 Meanwhile, researchers from University of 




 as anodic redox 
couple and H2O/O2 as cathodic redox couple.
[39, 40]
 The vanadium/air battery was 
claimed to have the potential of archiving higher energy density because one volume 
of the electrolyte was replaced by air electrode. However, the current performance of 
vanadium/air system is far from satisfactory due to low cycling stability. 
 
Zn-Br battery (ZBB) is another successful flow battery system which has been 
demonstrated for years.
[41]
 The cathodic reaction involves the reduction of Br2 and 
oxidation of Br
-
, while Zn strips and plates on the anode. ZBB is classified as a 
hybrid flow battery, in which one of the electrodes involves non-liquid reactants. The 
synergy between dissolved redox couples and metal anode usually brings great 
enhancement in energy density because the volume of anolyte is eliminated. 
Cathodic:  Br2 + 2𝑒
− ↔ 2𝐵𝑟−  1.09 V vs. SHE  (1.6) 
Anodic: Zn − 2𝑒− ↔ 𝑍𝑛2+ -0.76 V vs. SHE  (1.7) 
ZnBr2 has high solubility over 2 mol L
-1
, but the charged species Br2 is less 
miscible in aqueous solvent, which substantially limits the achievable energy density 
of Zn-Br battery. Moreover, the stability of ZBB is challenged by the corrosive nature 





 P.K. Leung et al. investigated the Zn/Ce battery by employing 
Zn(CH3SO3)2 and Ce(CH3SO3)3 in CH3SO3H electrolyte.
[43]
 Large redox potential 
between Zn and Cerium delivered a high open circuit voltage (OCV) of 2.40 V. Such 
a high voltage required proper electrode materials and electrolyte additives to 
suppress the side reactions, which were mainly oxygen and hydrogen evolutions. 
Gong et al reported a low cost redox flow battery with zinc–iron (Zn–Fe) redox couples. 







 to work under different PH conditions.
[44]
 Very recently, B. Li et al. reported 
a zinc-polyiodide battery with highly soluble ZnI2 electrolyte.
[45]
 By utilizing an 
ambipolar electrolyte, where both cationic and anionic ions from a single soluble 
compound were energy-bearing redox active species, the electrolyte eliminated the 




 commonly used in 
vanadium and Fe-Cr systems.
[46]
 High concentration ZnI2 of 5 mol L
-1
 was 
demonstrated in the reported lab cell. The energy density was claimed to be as high as 
166.7Wh L
-1
, which was comparable to lithium ion batteries. However, the high 
viscosity and I2 precipitation have hindered the practical application of the system..  
All-organic compounds recently gain considerable attention because of the 
advantages of natural abundance, low cost, structural diversity, and eco-friendliness. 
Solubility and redox potential of all-organic compounds can be tuned by adding 
different functional groups.
[47, 48]
 This unique feature provides large number of choices 
to obtain higher concentration and different redox potentials, which is a great 
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advantage over transition metal and halogen ions.
[49, 50]
 Quinones and their derivatives 
are particularly attractive due to their electrochemical reversibility, controllable 
solubility and stability.
[51]
 In early 2014, Huskinson et al. reported a metal free flow 
battery based on quinone derivatives. 9,10-anthraquinone-2,7-disulphonic acid (AQDS) 
presented high solubility in water (over 1 mol L
-1
), and its two-electron two-proton 
reduction/oxidation process could theoretically double the capacity. This molecule 
showed a redox potential of 0.23 V vs. SHE, and good reversibility and rapid kinetic 
rate were identified.
[16]
 When coupled with bromine catholyte, the flow battery could 
delivered a cell voltage of 0.86 V, and an energy density of about 50 Wh L
-1
.  
Cathodic:  Br2 + 2𝑒
− ↔ 2𝐵𝑟−  1.09 V vs. SHE   (1.8) 
Anodic: 2AQDSH − 2𝑒− ↔ 2𝐴𝑄𝐷𝑆− + 2𝐻+ 0.23 V vs. SHE (1.9) 
Beyond the aforementioned systems, a number of other redox species have 




















[21, 52, 55, 56]
  
1.3.2 Non-aqueous redox flow batteries 
The narrow electrochemical window of water constraints the cell voltage, thus 
inevitably limits energy density of aqueous redox flow batteries. From this point of 
view, non-aqueous electrolyte is particularly attractive because it provides wider 
electrochemical window and higher cell voltage. Wider electrochemical window also 
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brings wider choices of redox species, giving more flexibility in RFB design.
[8]
 
Moreover, higher cell voltage will reduce the number of stack units to achieve the same 
power output as an aqueous battery, thus reduce the system complexity and cost. 
The research on non-aqueous redox flow batteries (NRFB) was started in 
1980s.
[57]
 Although the technology maturity of non-aqueous flow battery cannot 
compete with that of its aqueous counterpart, the research on NRFB is becoming a 
hot topic in recent years. Thanks to the wide electrochemical window, researchers 
have managed to bump up the non-aqueous flow battery voltage over 2.0 V. Table 1 
summarizes the recently reported redox couples for non-aqueous flow batteries. Most 
of the redox couples in non-aqueous flow battery can be classified into two categories: 




Table 1-1 redox couples in non-aqueous flow batteries 
Redox couples Concentration / mol L
-1




 0.40 1.45 vs. Ag /Ag
+












 0.05 0.45 vs. Ag /Ag
+
 TBAPF4 in various 
solvents
[58-62]  V(acac)3/ [V(acac)3]
-





 0.05 1.20 vs. Ag /Ag
+











 0.05 0.70 vs. Ag /Ag
+











 0.002 1.17 vs. Ag /Ag
+












 0.40 0.50 vs. Ag /Ag
+













 0.20 -1.70 vs. Ag /Ag
+

















0.05 4.00 vs. Li/ Li
+






 0.01 -1.29 vs. Ag /Ag
+





















0.05 2.30 vs. Li/ Li
+
















Fc1N112-TFSI 0.80 3.49 vs. Li/ Li
+
 1 mol L
-1




2.00 3.50 vs. Li/ Li
+
 2.3 mol L
-1





MeO–TEMPO/LITFSI (1/1) + 
H2O(17% wt) 
3.50 vs. Li/ Li
+
 Ionic liquid 
9-fluorenone 0.50 -1.64 vs. Ag /Ag
+












 0.02 -1.41 to -1.25 vs. SHE; various PF6 salts in CH3CN 
V(mnt)3
-





A transition metal coordination complex comprises a transition metal center 
and peripheral ligands. The transition metal ion acts as the charge transfer center,. On 
the other hand, some ligands can also undergo electron transfer and thus ligand 
oxidation state changes. Such ligands were classified by Jørgensen as “non-innocent”., 
In complexes with “redox-non-innocent ligands”, charges can also be stored in 
ligands in addition to the metal center.
[72]
 In 1980s, Matsuda reported a rechargeable 
redox battery using tris(2,2'-bipyridine)ruthenium(II) tetrafluoroborate in 
non-aqueous electrolyte.
[57]









to a cell voltage of about 2.60 V. More recently, tris(2,2'-bipyridine)iron, 
tris(2,2'-bipyridine)nickel,
[73]










 were studied. Among the these complexes, vanadium 
acetylacetonate (V(acac)3) attracted most attention due to its good reversibility and a 
cell voltage of 2.20 to 2.60 V in various solvents.
[61]
 Shinkle et al. studied its 
solubility in different electrolytes, finding that maximum solubility were 0.59, 0.54, 
0.53, and 0.50 mol L
-1
 in acetonitrile (ACN), dimethylformamide(DMF), 
tetrahydrofuran (THF), and dimethyl carbonate (DMC), respectively.
[62]
 On the other 
hand, Herr et al. reported the solubility of V(acac)3 could be 0.80, 0.25 and 0.30 mol 
L
-1
 in 1,3-Dioxolane (DOL), Dimethyl sulfoxide (DMSO) and acetylacetone, 
respectively.
[61]





V(acac)3 was demonstrated in the charge/discharge tests, making the capacity far too 
low for real application.  
Metal-free compounds do not require any redox-active metals, representing a 
promising direction for reducing cost.
[78]
 In 2012, Brushett et al. reported an all 
organic non-aqueous flow battery based on 
2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB) in the catholyte, while 
quinoxaline-derivative 2,3,6-trimethylquinoxaline (TMeQ) in the anolyte.
[69]
 The cell 
delivered a voltage at 1.30–1.79 V during discharging process. In a more recent work, 
a new redox molecule 3,7-bis(trifluoromethyl)-N-eth-ylphenothiazine (BCF3EPT) 
was studied as catholyte species.
[70]
 The radical cation of BCF3EPT showed better 
stability than the radical cation of DBBB. More importantly, BCF3EPT has higher 
solubility in PC (1.20 mol L
-1
) than that of DBBB (0.20 mol L
-1
), and a battery with 
0.35 mol L
-1
 BCF3EPT in the catholyte was successfully demonstrated.  
Based on the above review, we have identified that the enhancement of energy 
density remains a challenge for redox flow batteries. Energy density of a flow battery 
depends on the specific capacity and the cell voltage. The specific capacity is 
determined by the concentration of active species dissolved in the electrolyte and the 
number of electrons transferred in the redox reactions, while the cell voltage is 
determined by the equilibrium potentials of active species in the cathodic and anodic 
half-cells. Accordingly, there are two major approaches to improve the energy density 
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of RFB: (1) increase the specific capacity by increasing the concentration of active 
species or by employing redox species with multiple electrons transfer; (2) increase 
the cell voltage by using active species with higher redox potential in the catholyte 
and lower redox potential in the anolyte.
[79]
 Since the operation voltage of aqueous 
RFBs is limited by the electrochemical window (1.23 V) of water, most efforts on 
aqueous systems are to increase the solubility of redox species and reduce the cost. 
On the other hand, non-aqueous RFBs deliver improved cell voltage, but they are 
suffering from low active species concentration, which compromises the enhanced 
energy density brought by cell voltage increase. Recently, there have been several 
new approaches reported involving lithium ion battery concept towards high energy 
density RFBs.
[11]
 The novel Li-redox flow batteries will be discussed in the following 
section.  
1.4 Li-Redox Flow Batteries 
1.4.1 Hybrid redox flow battery with lithium metal anode 
Lithium is known to have the highest theoretical specific capacity of 3860 mAh 
g
-1
 and a molar lithium concentration of 76.95 mol L
-1
. Meanwhile, as an anodic 
electrode, lithium provides lower redox potential (−3.04 V vs. standard hydrogen 
electrode (SHE)) than most redox species, which is advantageous to obtain high cell 
voltage.
[80]
 Therefore, synergy with Li metal seems to be an attractive way to improve 
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the energy density of redox flow battery systems. In 2011, a lithium hybrid redox flow 
battery with a lithium metal anode and an aqueous flow catholyte was reported by 
Goodenough’s group.[81, 82] In the demonstrated battery, 0.10 mol L-1 K3Fe(CN)6 was 
used as the catholyte. Despite the moderate concentration of catholyte, the hybrid flow 
battery presented a high cell voltage of 3.40 V, which was much higher than 
conventional aqueous flow batteries. The electrode reactions of hybrid redox flow 
batteries can be described as follows: 
Cathode: 𝑀+  + e− ↔  𝑀  (1.10) 
Anode:  Li − e− ↔ Li+ (1.11) 
 
 
Figure 1-3 Illustration of a lithium hybrid flow battery. The anodic side consists of lithium metal 




As shown in Figure 1-3, the basic set-up of the lithium hybrid redox flow 
battery consists of three parts: an anodic compartment with lithium metal in organic 
electrolyte; a flow through cathode, and a solid electrolyte membrane. By combining 
lithium metal with circulating catholyte, the hybrid redox flow battery incorporates 
the advantages of high energy density from lithium ion battery and independent 
operation on power generation and energy storage from redox flow battery.
[11]
  
A key component of lithium hybrid redox flow battery is the solid electrolyte 
membrane. In addition to a high Li
+
 conductivity, the solid electrolyte membrane is 
required to block the dendrite growth and redox species crossover. Moreover, the 
membrane must be mechanically and chemically stable in the cell operation. 
Currently, the development of solid electrolyte is still far from being mature. The 
commercially available solid electrolyte membranes, like LATP and LAGP, are 
generally expensive. Under this circumstance, some reports employ “membrane-free” 
configuration in non-aqueous systems with an artificial SEI layer to protect lithium 
metal anode. Ding et al. demonstrated a membrane free lithium hybrid system with 
ferrocene/ferrocenium in the catholyte.
[83]
 Due to fast rate constant of Fc/Fc
+
 and low 
internal resistance, peak power output reached 4700 W L
-1
. The membrane-free 
configuration eliminates the need of solid electrolyte, considerably reduces the cost 





Since the anodic potential and capacity have been fixed by lithium metal, the 
selection of catholyte is critical for the overall performance of lithium hybrid redox 
flow battery. High solubility and high redox potential are desirable for catholyte 
redox species. The reported catholytes have covered various redox couples, ranging 





 sulfur/polysulfide, metal-free species, etc. Among 
them, sulfur/polysulfide is particularly interesting for its high theoretical energy 
density and low cost.
[90, 91]
 Yang et al. reported a membrane free Li-polysulfide hybrid 
system with DOL/1,2-dimethoxyethane (DME) as the electrolyte.
[92]
 The 
proof-of-concept Li-polysulfide battery had 5 mol L
-1
 Li2S8 in the catholyte, giving a 
theoretical energy density of 95 Wh kg
 -1
 and106 Wh L
-1
. It is worth noting that the 
cycling test was conducted in a coin cell without flowing, although the researchers 
claimed the chemistry can be applied in flow conditions. On the other hand, high 
concentration metal-free 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was 
demonstrated as the catholyte in EC/PC/EMC solvent.
[93]
 The solubility of TEMPO 
could be as high as 5.20 mol L
-1
. Even with LiPF6 as the supporting electrolyte, the 




 Due to the high 
concentration and high redox potential (3.50 V vs. Li/Li
+
), the lithium-TEMPO 
battery gave an energy density of 126 Wh L
-1
, about five times higher than the 
popular all-vanadium flow battery. Although the high viscosity might largely limit 
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the current density, this TEMPO-based catholyte still represented a promising 
approach of lithium hybrid redox flow battery.  
Compared with traditional RFBs, hybrid redox flow battery with lithium metal 
anode possesses advantages of higher operating voltage, smaller volume and simple 
design. Especially, energy density of redox flow battery may increase drastically by 
the introduction of lithium metal anode. However, it needs to be point out the hybrid 
configuration loses the flexibility in the anodic part since lithium metal anode is in 
static mode rather than flow mode. In addition, the lithium metal anode has problems 
of poor cycling performance, deleterious dendrite growth, and safety concerns.  
1.4.2 Semi-solid flow battery 
Duduta et al. proposed a semi-solid approach, in which Li-intercalation active 
materials were circulated in slurries with conductive additives.
[100]
 By employing the 
active material suspensions rather than the solution, the energy density was no longer 
limited by the solubility of active species. In general, solid storage compounds 
contain lithium with high concentration. For example, the theoretical molar lithium 
concentration is about 51.63 mol L
-1
 in LiCoO2. Although usually only half of the Li
+
 
in LiCoO2 is usable, the concentration is still considerably high. With the high 
concentration of solid materials and wide potential range of non-aqueous solvent, 
semi-solid flow battery could be able to deliver high energy density, while keeping 
the flexibility of flow battery and avoiding lithium dendrite growth. In Duduta’s 
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report, a semi-solid flow battery employed LiCoO2 (20 vol%, 10.2 M, and 1.5% 
Ketjen black) as the cathode and Li4Ti5O12 (10 vol%, 2.3 M, and 2% Ketjen black) as 
the anode. The cathodic part possessed about 5 times higher concentration than 
conventional flow batteries, but the concentration of the anodic part was still 
comparable with conventional redox flow batteries. The concept has also been applied 
in other non-aqueous systems with energy materials such as silicon and sulfur-based 
composites.
[101-103]
 Beyond non-aqueous batteries, Li et al reported an aqueous 
semi-solid flow battery based on LiTi(PO4)3 and LiFePO4.
[104]
  
Since the active materials are mostly not electronic conductive, carbon 
materials need to be dispersed into the slurry to facilitate electron transfer, and thus 
inevitably compromise the energy density. Moreover, the electronic conductivity of 
the suspension network is about 10
2
 lower than the ionic conductivity, and is 
expected to be the rate-limiting step.
[100]
 Another major concern is the high viscosity 
that ensues from the increasing solid load. Although this problem could be alleviated 
by tailoring the interaction between suspension particles, the active materials fraction 
is still limited to around 20 vol% in most reports.
[105]
 The increase in solid faction 
also results in the decrease of ionic conductivity.
[100]
 Given these limitations, the high 




1.5 Redox Flow Lithium Ion Battery 
The redox targeting concept, which was first proposed by Wang et al. in 2006, 
allows the solid active materials to be charged/discharged without any conductive 
additives.
[106]
 (Figure 1-4) In 2013, Huang et al. reported a redox flow lithium ion 
battery (RFLB) based on redox targeting.
[107]
 Unlike the semi-solid configuration, 
RFLB holds the solid material static in the tank, while the redox shuttle molecules 
circulate in the flow system. The electron transfer between the solid materials and 
current connector is conducted via the circulation of shuttle molecules. In Huang’s 
work, ferrocene (Fc) and dibromoferronce (FcBr2) were selected as the reduction and 
oxidation agents. LiFePO4 typically shows a potential of 3.45V vs. Li/Li
+
, while Fc is 
at 3.25V and FcBr2 is at 3.65V. The LiFePO4 can be chemically delithiated (oxidized) 
and lithiated (reduced) by these two molecules. As a result, the charge and discharge 







Figure 1-4 The principle of redox targeting of an insulating electrode material such as LiFePO4 by 
a freely diffusing molecular shuttle S.
[106] 
(Reprinted with permission from Angew Chem Int Ed 
Engl 45, 8197-8200, (2006). Copyright 2006, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
 
Because the solid materials are immobile, the viscosity will not be a concern 
in RFLB. Meanwhile, no conducting additive is required in the charge/discharge 
process. As a result, a large fraction of solid active materials can be allowed in the 
storage tank. The molar lithium concentration in LiFePO4 is 22.8 mol L
-1
. Providing a 
porosity of 50% in the solid materials, the effective concentration could be above 10 
mol L
-1
. In addition, since most of the energy is stored in the solid materials in the 
tank, only a diluted concentration of shuttle molecules is needed to conduct the 
electrons, such as 20 mmol L
-1
 reported in Huang’s work. Lower solution 
concentration is meaningful to reduce the crossover contamination and extend battery 
life. The redox targeting concept represents a novel direction that holds great promise 




Enhancing the energy density is the most pressing issue in the development of 
RFB. As reviewed, recent research on RFB has proposed a variety of approaches 
towards higher energy density. Novel redox species have been utilized to enhance the 
concentration and cell voltage for both aqueous and non-aqueous systems. Meanwhile, 
integrating lithium storage materials with redox flow battery is a promising approach 
to unprecedentedly improve the energy density of RFB. However, some critical 
challenges remain before a viable redox flow system is developed.  
Although numerous redox species are proposed in non-aqueous electrolytes, 
most of them are focused on the catholyte, while the anodic species are fairly limited. 
Meanwhile, the redox potential of the anolyte should be pushed lower to maximize 
the cell voltage. To fabricate a non-aqueous RFB with high cell voltage, the 
development of anodic species is urgently needed. Hybrid redox flow battery with 
lithium anode substantially enhances the overall energy density, but the flexibility is 
unfortunately sacrificed in the anode. Another critical problem of lithium metal anode 
is the poor cycling stability, which is deteriorated by dendritic morphology formation 
during lithium deposition as well as side reactions between lithium and electrolyte, 
which result in low Coulombic efficiency during repeated charging and discharging. 
The dendrite growth on the lithium metal also raises safety concern. To approach 
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these problems, this work proposes an organic lithium metal solution as an 
non-aqueous anolyte, which has high concentration and low potential.  
Filling the storage tanks with solid/semi-solid active materials can effectively 
increase the energy density. The redox-targeting concept provides an elegant way for 
the electron transfer between active materials and current collectors. With the 
assistance of redox shuttle molecules, the solid anodic materials could be reversibly 
charged and discharged by the flow of redox molecules while the materials remain 
static in tanks. This concept is very promising towards higher energy density. 
However, the existing technology only reports the cathodic part with LiFePO4. An 
anodic part is needed to establish a RFLB full cell (Figure 1-5). This work studies the 
active materials as well as redox molecules for RFLB anodic compartment. In the 
redox targeting reactions, two redox molecules are required: one for the reduction of 
solid active material, and the other for the oxidation. So the potentials of the two 
molecules need to straddle that of Li
+
 insertion and extraction of solid active material. 
For proof-of-concept, anatase TiO2 is chosen as the anodic active material, which has a 
Li
+
 uptake capacity of Li0.5TiO2. The Li
+
 ion insertion/extraction potential of anatase 
TiO2 is relatively high (1.80 V vs. Li/Li
+
), and it prevents the growth of solid 
electrolyte interface (SEI). SEI is a good ionic conductor but has poor electron 
conductivity.
[96] 
In RFLB, the electron transfer between redox shuttle molecules and 
active material might be blocked by SEI. TiO2 also has flat charge/discharge potential 
plateau, which allows the potential difference between the redox molecules to be small 
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in order for good voltage efficiency. Moreover, anatase TiO2 shows good structural 
stability and a negligible volume change (<4%) during lithiation/delithiation, which is 






Figure 1-5 Illustration of a redox flow lithium ion battery. Solid active materials are stored static 
in the tanks, while redox molecules are circulated. 
 
The objective of this work is to develop the anodic compartment for high 
energy density redox flow lithium ion battery. Chapter 3 studies the anodic half-cell 
of redox flow lithium ion battery based on the redox targeting reactions of anatase 
TiO2. Given the high molar lithium concentration of anatase TiO2 (22.5 mol L
-1
), the 
energy density of anodic compartment can be greatly improved. Chapter 4 
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demonstrates the redox flow lithium ion battery full cell by combining TiO2 as anodic 
active material and LiFePO4 as cathodic active material. Chapter 5 optimizes the 
anodic half-cell by using more suitable redox molecules. With narrowed redox 
potential gap between redox molecules, improved voltage efficiency has been 
achieved. Chapter 6 presents a study in the kinetics of redox targeting reactions. 
Chapter 7 introduces a novel strategy to prepare organic lithium solution as the 
anolyte. High concentration of aromatic lithium solution is prepared via a facile 
method and demonstrated as anolyte in a flow battery system.  
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CHAPTER 2. EXPERIMENTAL METHODOLOGY 
2.1 Introduction 
This chapter introduces the experimental methods used in this work. A variety 
of characterization techniques have been employed to investigate the chemical, 
electrochemical, optical and structural properties of the redox molecules and anodic 
lithium storage materials, as well as the performance of redox flow devices. Some 
basic electrochemical methods including cyclic voltammetry and potential step 
amperometry were used to investigate the electrochemical properties of redox 
molecules. The reversible chemical lithiation and delithiation of active materials were 
conducted by applying TiO2/LixTiO2 subject to redox molecules of difference 
oxidation states. Structural transformations of active materials were characterized by 
X-ray photoelectron spectroscopy (XPS) analysis, Fourier transform infrared 
spectroscopy (FT-IR) and Raman spectroscopy. For the characterization of redox 
flow lithium ion battery, both glass cells and stack cells were tested in this work. 
Chronopotentiometry and Galvanostatic Intermittent Titration Technique (GITT) were 
used to assess the operation of the flow cells. Scanning electron microscopy (SEM) 
was employed to check the morphology of FTO-Al2O3-TiO2 electrode. The optical 
property of TiO2/LixTiO2 was analyzed by a spectroelectrochemical method based 
on UV-Vis spectroscopy. The characterization techniques are summarized in Table 




Table 2-1 Summary of major characterization techniques. 
Characterization Equipment Model 
Chronopotentiometry Metrohm Autolab, PGSTAT302N 
Cyclic Voltammetry (CV) Metrohm Autolab, PGSTAT302N 
Potential Step Amperometry Metrohm Autolab, PGSTAT302N 
Fourier Transform Infrared Spectroscopy 
(FT-IR) 
SHIMADZU, IRTracer-100 
Scanning Electron Microscopy (SEM) Zeiss Supra 40 FESEM 
Ultraviolet–visible Spectroscopy (UV-Vis) Shimadzu  Solidspec-3700 
Spectroelectrochemical Test Ivium Electrochemical Analyzer 
Raman Spectroscopy Renishaw inVia Raman microscope 
X-ray photoelectron spectroscopy (XPS) 
Kratos Analytical Axis Ultra DLD 
Spectrometer 
 
Table 2-2 Summary of major materials and chemicals used. 
Name Formula/Code Supplier 
1,1-dibromoferrocene FcBr2, 97% Sigma-Aldrich 
Lithium ribbon Li Sigma-Aldrich 
Titanium dioxide TiO2 (paste) Dyesol 
Titanium dioxide TiO2 (powder) Degussa 
Biphenyl C12H10, 99% Sigma-Aldrich 





C20H30Co, 99% Sigma-Aldrich 
Bis(cyclopentadienyl)cobalt, 
Cobaltocene 
Co(C5H5)2, 99% Sigma-Aldrich 
bis(pentamethylcyclopentadienyl) 
chromium 
C20H30Cr, 99% Sigma-Aldrich 
Aluminium oxide Al2O3 Alfa Aesar 
Bis(trifluoromethane)sulfonimide 
lithium salt 
CF3SO2NLiSO2CF3, 97% Sigma-Aldrich 
Ferrocene Fe(C5H5)2, 98% Acros 
Fluorine doped tin oxide FTO Pilkington TEC-15 
Lithium hydroxide LiOH, 98% Sigma-Aldrich 
Lithium iron phosphate LiFePO4 Sigma-Aldrich 




 LiPF6, EC:DMC 
(1:1 by weight) 
Charslton 
glass ceramic membrane NISICON OHARA 
Nafion membrane Nafion 212 Dupont 
Polyvinylidene fluoride (PVDF) -(C2H2F2)n- Alfar Aesar 




2.2 Preparation of Materials 
2.2.1 Preparation of membranes 
Nafion was discovered in the late 1960s by Walther Grot of DuPont, and has 
been widely used as ionic exchange membrane in fuel cells and RFBs because of its 
high proton conductivity and good chemical durability.
[1]
 Nafion consists of a 
polytetrafluoroethylene backbone and perfluorovinyl ether side chains terminated by a 
sulfonate ionic group.
[2]
 The sulfonate ionic group allows the inter-cluster hopping of 
positive charge species but reject the negative ones.
[3] 
In this study, the proton-conductive Nafion was modified in order for a 
lithium-ion-conductive membrane.
[4]
 Lithiated Nafion membrane was prepared based 
on a previously reported method.
[5]
 The ion exchange of Nafion 212 was conducted in 
a solution of 2 mol L
-1
 LiOH in 1:2 volume ratio of ethanol and deionized water at 80
o
C 
under moderate stirring for 12 h. The membrane was then washed and rinsed in boiling 
water. After vacuum drying at 120
 o
C for several days, it was transferred into an 
argon-filled glove box.  
The Nafion/PVDF membrane was synthesized by Dr. Jia Chuankun. Firstly, 
Nafion/PVDF solution was prepared by dissolving 75 mg small piece of dry Nafion 
212 membrane and 75 mg PVDF into 5 mL DMF. The solution was stirred for 4 h, 
and subjected to ultrasonic treatment of 20 min to ensure the homogeneity. A cast 
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membrane is formed by drying the solution at 80 ºC for 3 h, and then at 140 ºC for 16 h 
to remove solvents. Thereafter, the membrane was lithiated by the following 
procedure: A 3cm×3cm Nafion/PVDF membrane was first treated in 0.5 mol L
-1 
H2SO4 at 80 ºC for 2 h. Then the membrane was thoroughly washed by deionized 
water for several times before immersed in 1 mol L
-1 
LiOH solution at 80 ºC for 2 h to 
get lithiated. The resulting membrane was washed in boiling deionized water, and 
dried in the oven at 80 
o
C overnight prior to use. The lithium ion conducting PVDF 
membrane was prepared by the same procedure.  
2.2.2 Preparation of electrode 
The FTO-Al2O3-TiO2 electrodes were prepared by screen printing. FTO was 
sonicated sequentially in 5% Decon 90 solution, distilled water, and ethanol for 15 min 
each. A thin Al2O3 mesoporous layer was firstly printed on FTO glass and sintered at 
125 
o
C for 2 min, which then follows the printing of TiO2 layer on top of the Al2O3 
layer. Thereafter, the electrodes were annealed in air with a programmable heating 
process: at 110°C for 30 min, 125°C for 15 min, 325°C for 5 min, 375°C for 5 min, 
450°C for 15 min, 500°C for 15 min, and then cooled to room temperature prior to use.  
2.2.3 Preparation of organic lithium solution 
The lithium ribbon, biphenyl (BP) and tetraethylene glycol dimethyl ether 
(TEGDME) were used as purchased without further purification. Biphenyl was first 
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dissolved in TEGDME, and a smooth colorless BP/TEGDME solution was obtained. 
The BP/TEGDME solution was dehydrated by adding molecular sieves (4Å) and 
standing for 24 hours. Then lithium metal was added in the BP-TEGDME solution, 
followed by vigorous stirring until a homogeneous dark blue solution is formed. The 
metal was cut into slices of 2-3 mm before added to the solution.  
2.3 Device Setup 
2.3.1 Stack cell setup 
The stack cell was assembled according to Figure 2-1. It has a pair of stainless 
steel end plates with an active size of 2 cm by 2 cm. The gasket material was silicon 
rubber. For the anodic half-cell test, lithium foil was used as anode, while nickel foam 
was used as cathodic current collector. For full cell test, carbon felt and nickel foam 
were served as cathodic and anodic electrode, respectively. The electrolyte with redox 
molecules was pumped through the electrode compartments by a peristaltic pump, 





Figure 2-1 Schematic of stack cell. The electrolytes are circulated by parasitic pumps and flow 
through the porous carbon/nickel electrodes. 
 
2.3.2 Glass cell setup 
The glass-cell was assembled as illustrated in Figure 2-2. For the half-cell test, 
the anode was lithium foil. Nickle foam was used as the cathodic current collector. 
The membrane was assembled between the anodic and cathodic compartment, and the 
effective area of the membrane was 0.50 cm
2
. Solid material (TiO2) is dispersed in the 
cathodic compartment, and a magnetic stirrer bar was placed at the bottom of cathodic 





Figure 2-2 Schematic of glass cell. The distance between electrodes and membrane is 
approximately 1 cm. The set-up is fixed to a PTFE racket. 
 
2.4 Characterization Techniques 
2.4.1 Chronopotentiometry 
Chronopotentiometry is a form of electro-analysis in which the rate of 
potential changes at an electrode is measured at constant current (galvanostatic).
[6]
 It 
usually uses a three electrode configuration, in which a current is applied between the 
counter and working electrodes and the potential of working electrode is monitored as 
a function of time with respect to a suitable reference electrode. The three electrode 
set-up is usually reduced to a two electrode configuration for battery applications, and 
the counter and reference electrodes are combined. In this study, the constant current 
applied in the chronopotentiometry method was the charge/discharge current of the 
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redox flow lithium ion battery. The redox species were dissolved in the electrolyte, 
which contains an excess of supporting electrolyte.  
2.4.2 Cyclic Voltammetry  
Cyclic voltammetry (CV) is a popular method of potentiodynamic 
electrochemical measurement. Cyclic voltammetry is usually performed in a 
3-electrode set-up. The potential of working electrode is measured against the 
reference electrode, while the current is measured between the working electrode and 
the counter electrode. The potential applied on the working electrode varies linearly 
from a starting value to a predetermined value, and then the scan direction is reversed. 




 In this study, 
glassy carbon and gold electrodes were used as the working electrode, while the 
counter electrode was Pt or lithium ribbon. Lithium metal or Ag/AgNO3 was 
employed as reference electrodes.  
A typical CV pattern shows a cathodic peak (Epc) and an anodic peak (Epa) in 
a scan cycle. For a reversible redox reaction, the standard potential of redox species is 
determined by taking the half-wave potential, which is calculated by using E1/2 = (Epc 
+ Epa)/2. The diffusion coefficient can also be estimated by varying the scan rate if the 
electron transfer at the working electrode surface is fast and the current is limited by 
the diffusion of redox species.  
 42 
 
2.4.3 Potential Step Amperometry 
Potential step amperometry (or chronoamperometry) was utilized in this study 
to trigger the redox reactions on electrode. The potential on working electrode was 
stepped and the resulting faradaic current from redox reaction is monitored over time. 
Potential step amperometry was performed on a layered FTO-Al2O3-TiO2 electrode, 
so that the electrochemical reactions will be isolated from chemical reactions.  
2.4.4 The galvanostatic intermittent titration technique (GITT) 
The galvanostatic intermittent titration technique (GITT) is a widely used tool 
for electrochemical cells. GITT combines transient and steady-state measurements to 
retrieve both thermodynamics and kinetics information.
[8, 9]
 The GITT procedure 
consists of a series of current pulses, each followed by a relaxation time in open circuit 
condition. For example, in a positive current pulse, the cell voltage quickly increases to 
a value proportional to the IR drop. Thereafter, the voltage slowly increases (ΔEt), in 
order to maintain a constant concentration gradient due to the galvanostatic charge 
pulse. In relaxation period, the current pulse is interrupted, and the redox species in 
the solution tend to become homogeneous distributed near the electrode surface by 
diffusion. Consequently, the voltage first suddenly decreases due to the IR drop, and 
then slowly decreases until the steady state is reached. The voltages recorded during 
the open circuit periods exclude the contribution of the ionic resistance, and electron 





Figure 2-3 Illustration of a galvanostatic intermittent titration technique (GITT) pulse-relaxation 
cycle. ΔEt is the transient voltage increase in the galvanostatic charge under current Io. ΔEs is 
the increase of steady state voltage after each cycle. (Reproduced with permission from J. 
Electrochem. Soc., 124, 1569-1578 (1977). Copyright 1977, The Electrochemical Society.) 
 
GITT measurement has been used as a standard method to investigate the 






  and 
LiFePO4,
[16, 17]
 and other insertion electrode materials.
[18-22]
 However, only limited 
GITT study has been conducted for redox flow batteries.
[23] 
In this study, GITT 
method was employed to detect the charge transfer rate in RFLB.  
All the electrochemical tests were performed with an Autolab 
potentiostat/galvanostat controlled by the Nova 1.9/1.10 software package. 
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2.4.5 Fourier transform infrared spectroscopy (FT-IR) 
This study employed Fourier Transform Infrared Spectroscopy (FT-IR) to 
determine chemical structures in organic lithium solution. IR spectrum is the 
reflection of molecular vibration. When exposed to infrared radiation, radiation of 
specific wavelengths will be selectively absorbed, transferring the molecule from 
ground state to excited state. An infrared spectrum represents a fingerprint of a 
material because the bonds within a material can be identified according to the 
absorbed energy.
[24]
   
Infrared spectroscopy has been developed for materials analysis for decades. 
The early infrared spectroscopy techniques suffered from slow measurement rate. 
FT-IR employs the interferometer, which can produce a unique type of signal with all 
of the infrared frequencies “encoded” into it. As a result, the measurement can be 
extremely fast, which is usually in seconds. The measured results are then decoded 
via the well-known mathematical technique called the Fourier transformation.  
In this study, organic lithium solution was measured with a SHIMADZU, 
IRTracer-100 spectrophotometer. Since the solution was sensitive to oxygen, the 
sample was protected by sandwiching between two KBr plates.  
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2.4.6 Raman spectroscopy 
Raman spectroscopy identifies material fingerprints by observing the 
vibrational, rotational and other low-frequency modes.
[25]
 Raman spectroscopy relies 
on the inelastic scattering of monochromatic light, which results in the energy of the 
laser photons being shifted up or down. When photons interact with a material, the 
molecules in lower rovibronic (rotational and vibrational energy levels) state will be 
excited into a so-called virtual energy state for a short period of time before an 
inelastically scattered photon results.
[26] 
The resulting photons can be of either lower 
(Stokes) or higher (anti-Stokes) energy than the incoming photon. The shift in energy 
can provide information about the vibrational energy states in the material.
[27]
  
In this study, the lithiation/delithiation of TiO2 was characterized by Raman 
spectroscopy. Phase transition between tetragonal and orthorhombic structure could 
be clearly observed for TiO2 and LixTiO2. After vacuum drying at room temperature, 
the TiO2/LixTiO2 samples were sandwiched with a piece of glass slide and sealed 
with epoxy glue for Raman measurements. The Raman spectra were collected at 
room temperature with a Renishaw inVia Raman microscope, using a laser with 
wavelength of 785 nm as the excitation source. 
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2.4.7 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is to scan the surface of a material with 
focused electron beam to obtain the visual morphology information. By interacting 
with materials, the backscattered electrons contain information of materials 
morphology and composition. In this study, the layered structure of FTO-Al2O3-TiO2 
electrode was examined by a Zeiss Supra 40 FESEM.  
2.4.8 Spectroelectrochemical tests 
Spectroelectrochemistry is an experimental method that combines an 
electrochemical measurement with a spectroscopic measurement. In this study, the 
lithiation/delithiation of TiO2 resulted in a striking color change. An airtight 
3-electrode optical cell was employed for the spectroelectrochemical measurement, in 
which FTO-Al2O3-TiO2, Pt and Ag were used as the working, counter and 
quasi-reference electrodes, respectively. The absorption change of TiO2 was 
measured by an ultraviolet–visible spectrometer, while the chemical reactions were 
triggered by applying a potential step on the FTO-Al2O3-TiO2 electrode in the 
presence of redox molecules.  
UV-Vis spectroscopy is routinely used in for the quantitative determination of 
various materials including transition metal ions and organic compounds. According 
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to Beer-Lambert law, the absorbance (A) is proportional to the concentration (c) of 
the absorbing species, the absorptivity (e) and the path length (l). 
A = elc (1) 
Thus, for a fixed thickness of sample, UV-Vis spectroscopy can determine the 
concentration of absorber.  
2.4.9 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the electron binding energy near the material 
surface of 0 to 10 nm. XPS spectra are obtained by shooting a beam of X-ray to 
irritate the sample, and simultaneously measure the number of electrons of different 
binding energy.
[28]
 The number of detected electrons is directly proportional to the 
amount of related element within the XPS sampling volume. By studying the energy 
distribution of electrons emitted from X-ray-irradiated samples, we can detect the 
valence state of the elements. 
In this study, the valence states of TiO2/ LixTiO2 was investigated by XPS. Ti 
usually shows +4 valence in pristine TiO2. After lithium insertion, part of the Ti
4+
 will 
be reduced to Ti
3+
. The XPS analysis was conducted with a Kratos Analytical Axis 
Ultra DLD Spectrometer. Monochromatic Al K was the radiation source and all the 
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measurements were done in vacuum. Carbon, C (1s), was used as the reference for all 
the samples. The XPS results were fit with XPSPeak software. 
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CHAPTER 3. REDOX TARGETING OF ANATASE TiO2 
FOR REDOX FLOW LITHIUM ION BATTERY 
3.1 Introduction 
Redox flow lithium ion battery requires solid materials to be charged and 
discharged via reversible redox targeting reactions without being attached to the 
current collector (Figure 1-5), which is distinct from other flow battery technologies 
such as semi-solid flow battery and lithium metal anode hybrid flow batteries.[1-13] 
This chapter studies the anodic compartment of redox flow lithium ion battery based 
on anatase TiO2 and redox shuttle moelecules. Anatase TiO2 has good structural 
stability with a small volume change (<4%) during lithiation/delithiation. [12] The 
electrochemical lithium insertion and extraction process of TiO2 is described below: 
            𝑇𝑖𝑂2 + 𝑥𝐿𝑖
+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝑇𝑖𝑂2  (3.1) 
A maximum capacity of x=0.5 has been most consistently reported.
[13-15]
 
Conventional studies on TiO2 are focused on its application in lithium ion battery, 
investigating the electrochemical lithiation and delithiation, which involves the 
insertion of Li
+
 into TiO2 forming LixTiO2 under electrical bias.
[16]
 Reversible chemical 
lithiation and delithiation of TiO2 are required for RFLB applications, since the TiO2 is 
stored away from the electrode. Chemical lithiation of TiO2 by n-butyllithium was 
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In this chapter, the reversible chemical lithiation and delithiation of anatase 
TiO2 are demonstrated with the cobaltocene derivatives as redox shuttle molecules. 
Two redox molecules, bis(pentamethylcyclopentadienyl) cobalt (CoCp*2) and 
cobaltocene (CoCp2), are chosen because of their suitable redox potentials for the 
reduction/oxidation of TiO2 and the reversible electrochemical behavior.  
Reversible Li
+
-insertion and extraction of TiO2 were achieved by a chemical approach 
in the presence of a pair of redox mediators —CoCp*2 and cobaltocene CoCp2 in the 
electrolyte, without attaching the material onto the electrode. The redox targeting 
reactions were collectively scrutinized by various experimental methods including 
XPS, Raman, and UV-Vis.  
3.2 Experimental Methodology 
3.2.1 Materials and electrode preparation  
The two redox mediators bis(pentamethylcyclopentadienyl) cobalt (CoCp*2) 
and cobaltocene (CoCp2), lithium perchlorate (LiClO4) and dehydrated propylene 
carbonate (PC), nanocrystalline Al2O3, TiO2 paste were used as received. The 
preparation of FTO-Al2O3-TiO2 electrode has been introduced in Chapter 2.  
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3.2.2 Electrochemical and spectroelectrochemical tests  
The cyclic voltammetry (CV) measurements were conducted with a 
multichannel potentiostat under 3-electrode configuration as introduced in Chapter 2. 
The working electrode was glassy carbon, the electrolyte was 1 mol L
-1
 LiClO4 in PC 
and the reference electrode was Ag/AgNO3 in acetonitrile. An airtight 3-electrode 
optical cell was employed for the spectroelectrochemical measurement. The set-up 
has been introduced in Chapter 2. The potential of Ag quasi-reference electrode was 
calibrated with ferrocene (Fc/Fc
+
), and calculated against Li/Li
+
. The electrolyte was 1 
mol L
-1
 LiClO4 in PC containing 5 mmol L
-1
 redox molecules. A constant current 
density of 0.177 mA cm
-2
 was applied by an Ivium Electrochemical Analyzer during 
the spectroelectrochemical measurement.  
3.2.3 Raman and XPS measurements 
The lithiated and delithiated TiO2 samples were washed thoroughly with PC 
in the glove box before subjected to Raman test. The electrodes were sandwiched 
with a piece of glass slide and sealed with epoxy glue for Raman measurements. For 
the X-ray photoelectron spectroscopy (XPS) analysis, the samples were sealed in an 
airtight box and transferred from the glove box into the XPS chamber.  
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3.2.4 Redox flow battery test:  
A RFLB half-cell was fabricated to evaluate the viability of redox targeting 
reactions for reversible anodic lithium storage in TiO2. The detailed configuration of 
the setup is described in Chapter 2. 5 mmol L
-1
 CoCp2 and 5 mmol L
-1
 CoCp*2 
dissolved in 0.1 mol L
-1
 LiClO4/PC was used as the catholyte. 4 mg TiO2 powder, 
equivalent to 50 mmol L
-1
, was added into 1 mL catholyte solution. The two 





net current was 50µA and current density was 0.10 mA cm-2. 
3.3 Results and Discussion 
The redox potentials of CoCp*2 and CoCp2 were studied by cyclic voltammetry 
(CV) as shown in Figure 3-1. Symmetry reversible waves were observed for both 
molecules, and the redox potentials of CoCp*2 and CoCp2 were 1.36 V and 1.90 V vs. 
Li/Li
+
, respectively. Given the redox potential of TiO2 is 1.80V, these two molecules 
just straddle the potentials for Li-insertion and extraction of TiO2 and sets the 









Figure 3-1 CV curves of 5 mmol L
-1
 CoCp*2 and CoCp2 in 1 mol L
-1
 LiClO4/PC with FTO as the 
working electrode. For comparison, the CV curve of TiO2 on FTO was also given. 
 
These redox-mediated lithiation and delithiation processes of TiO2 can be 










+ → 𝑥𝐿𝑖+  + 𝑇𝑖𝑂2  +  𝑥𝐶𝑜𝐶𝑝2 (3.3) 
 
To get more reliable evidence of the “redox targeting” reactions between the 
redox molecules and TiO2, a special electrode configuration was employed. As 
depicted in Figure 3-2, a thin Al2O3 spacer layer was deposited on FTO current 
collector followed by a thin TiO2 layer. The insulating Al2O3 layer prohibited he 





Figure 3-2 Schematic illustrations of redox targeting reaction of TiO2 in the presence of redox 
mediators (upper) and SEM image showing the cross section of an FTO-Al2O3-TiO2 electrode 
(bottom). 
 
The chemical reaction between TiO2 and CoCp*2 was corroborated by cyclic 
voltammetry measurement. As a result, CoCp*2
+
 species are firstly reduced to CoCp*2 
on FTO, which then diffuse to the TiO2 layer where CoCp*2 reacts with TiO2 and itself 
is oxidized back to CoCp*2
+
. The regenerated CoCp*2
+
 species inside the TiO2 layer 
then diffuse back to FTO and starts a second cycle of redox targeting reaction. This 
reaction is proved by the cyclic voltammetry test. When CoCp*2
+
 was reduced and 
oxidized on bare FTO, a pair of chemically reversible peaks was observed, indicating a 
typical semi-infinite diffusion-controlled interfacial charge transfer process (Figure 
3-1). Interestingly, when the CV measurement was conducted on an FTO-Al2O3-TiO2 
electrode, a plateau was observed instead (Figure 3-3). Also, the plateau current is 
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about twice as high as that obtained on bare FTO.
[22] 
The appearance of the catalytic 
wave suggests a finite-length diffusion behavior of the molecules confined in the pores 
of the electrode. As a consequence, the current is not limited by the diffusion of the 
molecules. Similarly, in the presence of CoCp2, it is oxidized into CoCp2
+
 on FTO and 
gets reduced in the LixTiO2 layer to complete a cycle. 
 
 
Figure 3-3 CV curve of 5 mmol L
-1
 CoCp*2 and CoCp2 in 1 mol L
-1
 LiClO4/PC with FTO-Al2O3-TiO2 as 




In situ UV-Vis measurement was employed to monitor the absorbance change 
of TiO2 upon redox targeting reactions. Redox targeting reactions of both CoCp*2 and 
CoCp2
+
 with TiO2 brings about striking color changes, which provides additional 
information to the redox mediated lithiation/delithiation processes of TiO2. A 
3-electrode spectroelectrochemical cell was employed with FTO-Al2O3-TiO2 as the 
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working electrode. The absorption spectra were recorded under open circuit conditions 
after every 100 s of galvanostatic polarization. As shown in Figure 3-4, the absorbance 
of TiO2 increased monotonously with wavelength in the beginning of the reaction, 
attributed to the absorption of delocalized electrons.
[23]
 This period could be counted as 
the “capacitive regime”, there wasn’t apparent color change. During this period, 
electrons are injected without involving lithium insertion into the bulk.
[23]
 The 
quasi-Fermi level of electrons in TiO2 continuously rises as the redox targeting reaction 
proceeds. After 200 s of reaction, electron injection now accompanied with lithium 
insertion. This period could be counted as the “insertion regime”, during which two 
peaks appeared at about 475 nm and 740 nm. It is known that upon lithium insertion, 
the Li:TiO2 solid solution is firstly formed.
[24]
 As the quantity of the inserted lithium 
reaches the solution limit, which is less than 5%, the Li:TiO2 solid solution transforms 
into Li0.5TiO2 phase. A rapid color change of the electrode also happened. The insertion 
resulted in a significant change of the spectrum with a broad peak centered at around 
800 nm and also brought about a sharp increase of the absorbance. These results are in 
good agreement with those of the electrochemically lithiated TiO2 reported by 
Goossens and co-workers.
[23]
 This result also proves that “capacitive regime” and 





Figure 3-4 UV-Vis spectra of an FTO-Al2O3-TiO2 electrode reduced by CoCp*2 for different 






Figure 3-5 Absorption dynamics of TiO2 recorded at 475 nm under galvanostatic mode. The insets 





The redox targeting processes were further examined by monitoring the 
absorbance changes of TiO2 under kinetic mode of UV-vis. The absorption at 475 nm 
was taken as the characteristic peak. As shown in Figure 3-5, the absorbance of TiO2 
has almost no change in the first 200 s of reaction, consistent with that in the 
“capacitive regime”. Thereafter, the absorbance starts to rise steeply, which implied the 
intercalation regime. This process is in accordance with the potential profile: after an 
initial drop, a plateau of the potential was observed at about 0.95 V (vs. Li/Li
+
) after 
~200 s, suggesting a steady concentration gradient has been built up and CoCp*2 
started to react with TiO2 (Equation 3.2). After the lithiation process, the electrode was 
then transferred to a CoCp2 solution, and a reverse constant current was applied. A 
plateau was observed at ~2.75 V (vs. Li/Li
+
), indicating the oxidation of CoCp2 to 
CoCp2
+
. Simultaneously, the absorbance of the electrode decreased rapidly and the 
color was reverted back to the original pale white after ~400 s, suggesting the 
delithiation of LixTiO2 by CoCp2
+
, which forms TiO2 (Equation 3.3). 
XPS is a powerful method to get the chemical information of the surface of 
materials. In this study, XPS spectra of Ti (2p) and Ti (3s) were recorded before and 
after the reactions (Figure 3-6). Pristine anatase TiO2 has typical XPS spectrum with 
Ti (2p3/2) and (2p1/2) peaks were at 458.6 eV and 464.3 eV, and the Ti (3s) peak at 62.1 
eV, respectively, indicting Ti is in the +4 valance state.
[25, 26] 
After the reduced by 
CoCp*2, both of the Ti peaks are shifted by ~2.0 eV to a lower binding energy, 




. Based on the 
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elative peak area difference, it could be estimated ~25% of the Ti
4+
 was reduced, 
presumably resulting in the formation of Li0.25TiO2. Considering much larger x values 
have been attained by electrochemical approach, the current redox targeting reaction 
seems yet optimized to achieve full lithiation of TiO2. Meanwhile, a highly developed 
peak corresponding to Li (1s) is observed at 55.1eV after the reaction, which is a direct 
evidence of the lithiation reaction. Thereafter, the above lithiated electrode was further 
oxidized by CoCp2
+
. As revealed in Figure 3-6, Ti
3+
 returns back to their original Ti
4+
 
state, and Li (1s) peak disappears entirely, inferring excellent reversibility of the 
chemical lithiation/delithiation.  
 
Figure 3-6 XPS spectra of Ti 2p and Ti 3s for original (top), lithiated (middle) and delithiated 
(bottom) anatase TiO2. The open circles represent the raw data， and the solid lines represent 




Raman analysis is employed in this study to monitor the change of bonding in 
anatase TiO2. The Raman spectrum of pristine anatase TiO2 presents five distinct peaks 
(Figure 3-7).  Peaks at 143, 196, 396 cm
-1 
are corresponding predominantly to the 
bending of O-Ti-O, while peaks at 516 and 637 cm
-1
 to the stretching of Ti-O.
[27]
 
Researchers have found that electrochemical lithiation reaction will transfer 
tetragonal anatase TiO2 to an orthorhombic structure, which resulted in different 
Raman active modes.
[28] 
In this study, chemical lithiation also gives a similar result. A 
set of new peaks was observed after the reaction, indicating TiO2 was lithiated into 
LixTiO2.
[29] 
Similar to the XPS analysis, the lithiated electrode was then re-oxidized by 
CoCp2
+
 and subjected to Raman measurement. As expected, it presented identical 
Raman spectrum to the original anatase TiO2, and no remaining LixTiO2 signal was 
detected, intimating that LixTiO2 has been chemically oxidized back to TiO2. Hardwick 
et al. analyzed the Raman spectra of three different anatase TiO2 materials, but detected 
significant spectroelectrochemical irreversibility during the potential sweep for all 
materials.
[27]
 The irreversibility was ascribed to the poor electronic contact among TiO2 
particles and non-homogeneous lithium insertion. With a thin layer of TiO2 dip-coated 
on Pt-mesh as the conductive support, Laskova et al achieved good reversibility.
 [29]
 
Obviously, the redox targeting method provides an excellent way of achieving 





Figure 3-7 Raman shift spectra of original (top), lithiated (middle) and delithiated (bottom) 
anatase TiO2 
 
Various characteristics including UV-Vis, XPS and Raman spectroscopic 
measurements concertedly provide unambiguous evidence that reversible lithiation and 
delithiation of TiO2 could be feasibly accomplished by the redox targeting reactions 
with a pair of redox shuttle molecules, CoCp*2 and CoCp2
+
. An RFLB half-cell was 
built to verify the capability of operating it in redox flow lithium ion battery (RFLB). It 
has the TiO2 powder dispersed in one compartment and Li foil electrode in the other 
compartment (see the set-up of Figure 2-2). These two compartments are separated 
with a Li
+
-conducting Nafion membrane.  
Firstly, the test was conducted in the absence of the redox molecule. The 
capacity of the cell was nearly zero because there wasn’t electric contact between the 
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TiO2 powder and the current collector. In comparison, a test was performed with only 
5 mmol L
-1
 CoCp*2 and 5 mmol L
-1
 CoCp2 in the cathodic compartment in the absence 
of TiO2. Two pairs of voltage plateaus were observed during charge and discharge 
(Figure 3-8a), corresponding to the sequential oxidation and reduction of the two 
redox molecules. This is similar with the conventional redox flow batteries. Finally, 4 
mg TiO2 powder was added with redox molecules, and resulted in much augmented 
capacity. As shown in Figure 3-8b, in the discharge half cycle CoCp2
+
 was reduced to 
CoCp2 on the current collector at ~1.72 V (step a), followed by a much extended 
plateau at ~1.24 V (step b). The extended capacity is a strong indication of redox 
targeting reaction. It was attributed to the reduction of CoCp*2
+
 to CoCp*2 on the 
current collector, and the subsequent redox targeting reaction of CoCp*2 on TiO2, 
regenerating CoCp*2
+
. This process leads to the lithiation of TiO2 although it is not 
directly attached on the current collector. In the charge half cycle, the CoCp*2 was 
firstly oxidized to CoCp*2
+
 at ~1.85 V (step c), followed by an extended voltage 
plateau at ~2.24 V (step d), which corresponds to the oxidation of CoCp2 to CoCp2
+
, 
and the subsequent redox targeting reaction of CoCp2
+
 on LixTiO2, regenerating CoCp2. 
The reaction ratio can be calculated as follows. Assuming all the redox molecules and 
TiO2 particles are involved in the reactions, it is estimated that a capacity of at least 
0.33 Li
+





 amounts of XPS and from charge/discharge data can be 
justified: Given the high surface area, TiO2 may host a certain amount of Li
+
 on the 
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surface, which only involves the surface dangling bonds, as well as the irreversible 
reactions with surface -OH groups. In addition, which is more plausible in the actual 
operation, some Ti
3+
 was oxidized when the sample was transferred to XPS chamber 
since LixTiO2 is sensitive to air and moisture. 
 
Figure 3-8 Galvanostatic charge/discharge curves of glass cell with redox molecules or TiO2 
materials contained in the cathodic compartment. a) 5 mmol L
-1
 CoCp*2 and CoCp2 redox 
molecules dissolved in the catholyte; b) 4 mg TiO2 powder dispersed in the catholyte of (a). The 
two compartments of the cell are separated by a treated Nafion membrane. The electrolyte is 0.10 
mol L
-1





With the redox targeting reactions of CoCp*2 and CoCp2 on TiO2, reversible 
lithiation/delithiation of anatase TiO2 was achieved without attaching the TiO2 material 
onto an electrode. The results demonstrated in this study further consolidate the 
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concept of redox flow lithium ion battery and represent an significant step towards the 
development of RFLB full cells. With the cathodic comparted based on LiFePO4, an 
RFLB full cell as illustrated in Figure 1-5, could be envisioned. The study of redox 
flow lithium ion battery full cell will be discussed in the next chapter. We have 
successfully demonstrated the feasibility of redox flow lithium ion battery anodic half 
cell with TiO2 and redox molecules. While promising, it should be noticed there is 
severe voltage hysteresis between the charge and discharge processes, impeding its 
practical application for RFLB. One obvious reason of the intolerable voltage gap is the 
large potential difference between the two redox molecules (1.36 V for CoCp*2 and 
1.90 V vs. Li/Li
+
 for CoCp2). More suitable redox molecules with matched potentials 
to the lithiation and delithiation of TiO2 are essential to decrease the voltage hysteresis 
of the cell. In addition, another reason for the large overpotential loss is the large 
internal resistance arising from the membrane-electrolyte interface and the membrane 
itself, which however could be alleviated by optimizing the cell configuration and 
improving the Li
+
-conductivity of membrane. The optimization of redox flow battery 
with more suitable molecules and better battery architecture will be discussed in 
Chapter 5. 
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CHAPTER 4. REDOX FLOW LITHIUM ION BATTERY 
FULL CELL 
4.1 Introduction 
Low energy density has been the most challenging issue that constrained the 
development of redox flow batteries (RFBs).
[1]
 Redox flow lithium-ion battery (RFLB) 
combines the advantages of non-aqueous flow batteries and lithium ion batteries.
[2-5] 
The configuration of RFLBs is analogous to the conventional flow batteries, which 
have decoupled power unit and energy storage unit. Solid materials remain static in the 
storage tank, while the electron transfer is conducted by redox shuttle molecules. As 
energy is stored in solid state, in which the molar concentration of Li
+
 is generally 
greater than 20 mol L
-1
, the energy density of RFLB would theoretically be drastically 
enhanced. Compared with the semi-solid battery, RFLB does not require any 
conductive additives, so large fraction of solid materials can be allowed in the tank. In 
the previous chapter, The RFLB anodic half-cell has been demonstrated using TiO2 as 
solid active material and cobaltocene derivatives as redox mediators. Also, the 
cathodic part has been previously reported based on LiFePO4.
[6]
 By combining the 
two half cells, it would in principle lead to a RFLB full cell. In this chapter, the RFLB 
full cell is studied using LiFePO4 in the cathodic part and TiO2 in the anodic part. 





Figure 4-1 Schematic of redox flow lithium ion battery full cell with LiFePO4 in the cathodic 
compartment and TiO2 in the anodic compartment 
 
4.2 Experimental Methodology 
4.2.1 Materials 
Tetraethylene glycol dimethyl ether (TEGDME) and lithium 
bis(trifluoromethane)sulfonamide (LiTFSI), Ferrocene(Fc), 
1,1‘-Dibromoferrocene(FcBr2), cobaltocene (CoCp2), NASICON glass ceramic, 
bis(pentamethylcyclopentadienyl)cobalt (CoCp*2), LiFePO4 and TiO2 (P25) were 
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used as received. The Nafion/PVDF membrane was synthesized via the method 
discussed in Chapter 2.  
4.2.2 RFLB full cell assembly 
The RFLB full cell test was performed in a stack cell as introduced in section 
2.3.1.  The catholyte and anolyte consisted of 5 mmol L
-1
 Fc, 5 mmol L
-1
 FcBr2 in 1.0 
mol L
-1
 LiTFSI/TEGDME, and 5 mmol L
-1
 CoCp2, 5 mmol L
-1
 CoCp*2 in 1.0 mol L
-1
 
LiTFSI/TEGDME, respectively. 6.4 mg LiFePO4 and 7 mg TiO2 was employed as 
solid material in cathodic and anodic tank, respectively. For charge-discharge test, 1 
mL catholyte and 1 mL anolyte was used and the constant charge-discharge current 
density was increase from 0.025 mA cm
-2 
to 0.088 mA cm
-2
.  
4.2.3 Cyclic voltammetry 
 The cyclic voltammetry (CV) measurements were conducted with a 
multichannel potentiostat in an argon-filled glove box at room temperature. The 
electrolyte was 1 mol L
-1
 LiTFSI in TEGMDE. The CV tests were carried out in a 
3-electrode set up, in which glassy carbon disk electrode was used as the working 
electrode, while lithium ribbons were used as counter and reference electrodes.  
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4.2.4 Galvanostatic intermittent titration technique (GITT) 
 The GITT test was carried out with the same multichannel potentiostat in CV 
test. The volume of catholyte and anolyte were both 3 mL and 5 times (compared with 
redox mediator) equivalent solid materials were added into the tank. Prior to the GITT 
test, the cell was fully discharged. The GITT measurement was conducted within the 
voltage range from 0.50 V to 2.80 V. The cell was charged at a constant density of 
0.050 mA cm
-2
 for 10 s, followed by an open circuit relaxation for 10 s. The procedure 
was continued until the voltage reached the required value.  
4.3 Result and Discussion 
In order for reversible redox targeting reactions and consequently effective 
energy storage in the active solid materials in the tanks, the redox potentials of redox 
mediators should just straddle that of the active materials in the same electrolyte, and 
thus they could be reversibly oxidized by a mediator with a high potential and reduced 
by a mediator with a low potential. FcBr2 and Fc were used in the cathodic side, while 
CoCp2 CoCp*2 were used in the anodic side. The redox potentials of mediator 
molecules in LiTFSI/TEGDME electrolyte were determined by cyclic voltammetry 
test. As shown in Figure 4-2, all the molecules show well defined oxidation and 
reduction peaks. The half-wave potential (E1/2) can be calculated by E1/2=(Epc+ 
Epc)/2. The redox potentials LiFePO4 and TiO2 are also shown for comparison. On the 
cathodic side the potential of LiFePO4 is 3.45 V (vs. Li/Li
+
), which lies in between the 
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potentials of FcBr2 (3.78 V) and Fc (3.40 V). Similarly, on the anodic side the potential 
of TiO2 (~1.80 V) lies in between the potentials of CoCp2 (2.15 V) and CoCp*2 (1.67 
V).  
 
Figure 4-2 Cyclic voltammetry of redox molecules and solid active materials. The potential of 
LiFePO4 was determined using dQ/dV vs. V. 
 
From a thermodynamic point of view, the different redox potentials represent different 
oxidizability (reducibility). Thus, LiFePO4 could be oxidized (delithiated) by FcBr2
+
, 
while the FePO4 could be reduced (lithiated) by Fc.
[6]
 Similarly, the redox potentials of 
CoCp2 and CoCp*2 just straddle the potential of TiO2. It has been discussed in the 
previous chapter that TiO2 could be reduced (lithiated) by CoCp*2, while the LixTiO2 




 The CV test was also conducted under 
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various scan rates from 10 to 320 mV s
-1
. The oxidation peak currents show linear 
relationship with the square root of scan rate, indicating all the 4 molecules follows 
typical diffusion controlled pattern. (Figure 4-3) The diffusion coefficient could be 
estimated via the Randles-Sevcik equation:
[8]
  
𝑖p  =  2.69 × 10
5𝑛3/2𝐴𝐷1/2𝐶∗𝑣1/2  (4.7) 
where ip is the peak current, n is the number of electrons transferred in the redox 
reaction, A is electrode area (cm
2




), C* is 
concentration in bulk solution (mol cm
-3
),  is the scan rate (V s-1). The diffusion 
coefficients of the redox shuttle molecules are summarized in Table 4-1.  
Table 4-1 redox potentials and diffusion coefficients of Fc, FcBr2, CoCp2 and CoCp*2 in 1 mol L
-1 
LiTFSI/TEGDME solution 
 Redox potential E1/2 





LiFePO4 3.45 / 
Fc 3.40 5.47×10-7 
CoCp2 2.10 2.49×10
-6 







Figure 4-3 a) cyclic voltametry resuslts of Fc, FcBr2, CoCp2 and CoCp*2 in 1 mol L
-1
 LiTFSI/TEGDME 
solution; b) linear relationship between peak current and square root of scan rate v. 
 
Although it is seemingly straightforward to combine the two RFLB half cells 
for form a full cell, the requirement for the Li
+
 conducting membrane becomes critical. 
The ion exchange membrane for RFLB needs to fulfill the following 3 requirements: 1) 
high lithium ion conductivity; 2) no redox species crossover; 3) stable in the electrolyte. 
In RFLB half-cell, the SEI interface on lithium anode can effectively block the 
crossover of redox mediator, but not for the case of full cell. In this study, we first 
selected a glass ceramic membrane (OHARA LICGC) as the separator. The full cell 
shows functional battery performance with no crossover found over the cycling test. 
During the charging/discharging process, the electrochemical reaction will occur on in 
the cell, while chemical reactions will occur in the tank. The reactions occurrence 




Scheme 4-1. Cell reactions in redox flow lithium ion battery full cell.  
 
As shown in Figure 4-4, three plateaus are observed for the charging process. 
Specifically, the first charging plateau at 1.40 V is due to the oxidation of ferrocene in 
the cathodic half-cell and the reduction of CoCp2
+
 in the anodic half-cell (reaction 
(4.5)). After CoCp2
+
 is consumed, CoCp*2
+
 is subsequently reduced in the anodic 
half-cell. Meanwhile, Fc continues to be oxidized in cathodic half-cell presumably due 
to the superior reaction activity of Fc over CoCp2
+
, and the overall reaction goes to 
reaction (4.3), giving the second charge plateau of 1.85 V. After Fc is full reacted, the 
FcBr2 will be subsequently oxidized, leads to reaction (4.1), corresponding to the third 
charge plateau at 2.25 V. The reduction of CoCp*2
+
, forming CoCp*2, leads to the 
lithiation of TiO2 via the redox targeting reaction in the storage tank, and the oxidation 
of FcBr2, forming FcBr2
+
, leads to the delithiation of LiFePO4 according to reaction 
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(4.2) . As a result, the third charge plateau is obviously prolonged, and the capacity of 
solid LiFePO4 and TiO2 are shown in this stage. Similarly, two short plateaus at 2.00 V, 
1.55 V and a long plateau at 1.22 V are observed in the discharging process. The RFLB 
full cell is proved to be feasible based on the reversible chemical lithiation and 
delithiation reactions. It is noteworthy that in the “long plateaus”, the capacities have 
surpassed the theoretical capacities of redox shuttle molecules, and the additional 
capacity is deemed from solid materials. It can be estimated that about 46% of the solid 
materials (based on LiFePO4) are involved in the first charging process.  
 
Figure 4-4 Charge/discharge behavior of a RFLB full cell employing an OHARA glass ceramic 




However, it should be pointed out that considerable capacity loss after the first 
cycle is observed. As shown in Figure 4.4, despite 46% of the solid materials are 
involved in the first charging process, only 25% of the solid materials capacity is 
retained in the following cycles. This capacity loss was found to be caused by the 
narrow electrochemical window of the NASICON membrane 
(Li2O-Al2O3-SiO2-P2O5-TiO2-GeO2) used in this study. It was reported the 




  As 
shown in the inset of Figure 4.4, noticeable color change can be observed on the 
surface of membrane after charge/discharge cycles, implying Ti of 4+ valance state in 
the membrane was reduced by the redox shuttle molecules in the anodic half-cell 
during the battery operation. Zhao et al. also observed similar instability of LATP 




To achieve higher cycling performance, a more stable membrane is desperately 
needed. Nafion-based membranes are popular for ion-exchange applications and also 
chemically stable with the anolyte, but they suffer from severe crossover of redox 
mediators as a result of strong swelling in electrolyte. As such, this work selected a 
composite membrane with PVDF as a rigid framework for Nafion to control the 
swelling and consequently eliminate the crossover. The dry Nafion/PVDF composite 
membrane shows a relatively high resistance before cycling test. After immersed in 
the electrolyte for 48 h the membrane resistance drops initially and then stabilizes. In 
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addition, no color change of the composite membrane is observed after 
charge-discharge cycles, further indicating that the membrane possesses good stability. 
(Figure 4-5) Moreover, as shown in Figure 4-6, CV test conducted on catholyte after 
57 cycles (>270 h) shows only Fc and FcBr2, without any trace of CoCp2 and CoCp*2. 
Similarly, CV test conducted on anolyte shows only CoCp2 and CoCp*2, suggesting 
Nafion/PVDF composite membrane has good ability of preventing crossover of redox 
species. The comparison among the conductivities of different membranes is 
presented in table 4-1. The active area is 4 cm
2
. The areal resistance R was calculated 
by R= (R1-R2)×S, where R1 and R2 represent the resistance of the conductivity cell 
with and without membrane.  
Table 4-1. Comparison of the areal resistance, conductivity of different 
membranes.  
Membrane Nafion 212 Nafion/PVDF PVDF  OHARA 
LICGC 
Areal resistance / rcm
-2













Figure 4-5 Visual images of Nafion/PVDF membranes, and electrochemical impedance 
spectroscopy of Nafion/PVDF membrane before and after cycling in an RFLB full cell. The 
measurement was conducted at 25
o
C. The geometry of membrane is 20 mm × 20 mm ×60µm  
 
 
Figure 4-6 Crossover test on catholyte and anolyte after battery cycling, respectively. Electrolyte: 
1 mol L
-1





Figure 4-7 exhibits the full cell performance of RFLB with PVDF/Nafion 
membrane. Slightly excessive quantity of TiO2 in the anodic tank over LiFePO4 in the 
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cathodic tank was employed in order to determine the reaction yield of LiFePO4. As the 
first cycle involved incomplete reactions of mediators while they were mixed with the 
battery materials, the voltage profiles are shown from the second cycle. Three 
consecutive plateaus are observed for the charging process, which is similar with the 
above discussed full cell with glass ceramic membrane. The overall capacity has 
absolutely surpassed the theoretical capacity of redox molecules, implying the 
capacity of both LiFePO4 and TiO2 are released. The discharging process just reverses 
the above electrochemical and chemical reactions with three voltage plateaus, 
corresponding to Scheme 4-1, respectively. Compared with the glass ceramic 
membrane based full cell, Nafion/PVDF membrane gives much enhanced capacity 








 cycle to 20
th
 cycle. Theoretical voltages have been indicated as horizontal lines. The 
capacity is calculated based on LiFePO4.  
The rate performance of the RFLB was studied and displayed in Figure 4-8. A 
clear trend can be seen that voltage hysteresis increases with the increase of 
charge/discharge current density. The operation of RFLB relies on several difference 
processes including chemical reactions between redox mediators and Li-storage 
materials in the tanks, the electrochemical reactions of the redox mediators in the 
electrochemical cell, and the mass transport of Li
+
 and redox mediators between the 
two, as well as that of Li
+
 across the membrane. The previous study has disclosed that 
the rate constant of electron transfer process between Fc/FcBr2 and LiFePO4 is in the 
range of 1-6 s
-1
, which is fairly fast for normal operation.
[11]
 The reaction rate of 
redox targeting reactions in the anodic storage tank will be further discussed in Chapter 
6. For the electrochemical reactions, as the redox mediators used here are highly 
reversible, the fast electrode reactions of these redox species are unlikely to be the 
limiting step of the cell operation. Moreover, mass transport of Li
+
 in electrolyte 
would be fast since the diffusion is accelerated during the circulation. Therefore, it is 
expected that most voltage hysteresis be from the IR drop due to the relatively high 




Figure 4-8 Rate performance of RFLB full cell at the current density of 0.050 to 0.088 mA cm
-2
. 
Theoretical voltages have been indicated as horizontal lines. The capacity is calculated based on 
LiFePO4. 
 
The capacity and Coulombic efficiency under different current density from 
0.025 to 0.088 mA cm
-2
 is shown in Figure 4-9. It can be seen the full cell delivers 
relatively stable cycling performance. The CE increases in the first five cycles and then 
stabilizes at around 90% in the following 20 cycles at 0.088 mA cm
-2
. Based on the 





, which is about 79% of the theoretical specific capacity of LiFePO4 
(170 mAh g
-1
). If considering a porosity of 50% in LiFePO4, the volumetric capacity 
of this process will be 243 Ah L
-1
. The specific capacity is stabilized around 100 mAh 
g
-1





 (50% porosity). The capacity is partially contributed by the redox shuttle 
mediators in the electrolyte. More importantly, the excellent gravimetric and 
volumetric capacities from the unbeatable concentration of Li
+
 in the solid active 
materials, which is 22.80 mol L
-1
 for LiFePO4, and 22.50 mol L
-1
 for Li0.5TiO2, are way 
much higher than those could be obtained in liquid solution. Taking the average 
discharge voltage as about 1.25 V, the volumetric energy density of RFLB can be 
calculated to be around 225 Wh L
-1
, which is about 5 times higher than conventional 
RFBs. This result further grounded that the employment of solid materials with high 
Li
+
 concentration in the tank and relatively low concentration of redox molecules 
mediating the reaction in the electrolytes is a promising approach to develop high 
energy density flow batteries.  Moreover, due to the non-ideal redox molecules for 
both LiFePO4 and TiO2, the energy density is still far from the reachable theoretical 
value. For instance, the potential difference between active materials and redox shuttle 
molecules results of a voltage loss of 0.38 V in the cathodic side, and 0.43 V in the 
anodic side (Figure 4-2), impairing considerably the voltage efficiency and energy 
density of the cell. Optimization of RFLB full cell with more suitable redox molecules 




Figure 4-9 Volumetric capacity retention and Coulombic efficiency (CE) of the cell over cycling at 




The electrochemical behavior of RFLB full cell was further understood by 
galvanostatic intermittent titration technique (GITT) measurement. The voltage values 
recorded at open circuit condition excluded the contribution of ionic resistance through 
the membrane and electron transfer resistance at the electrodes.
[12]
 As displayed in 
Figure 4-10, The OCV values fits the potentials of redox shuttle molecules quit well. A 
closer look into the GITT curve could reveal that overpotential is mostly contributed by 
IR drop, which is mainly from the membrane. A substantial improvement of ionic 
conductivity in membrane is desired to lower the voltage loss. Due to the good 






Figure 4-10 GITT results in the charge test under 0.050 mA cm
-2 
for the charge process 
4.4 Summary 
Redox flow lithium ion battery full cell is fabricated and demonstrated using a 
glass ceramic membrane and a polymeric PVDF/Nafion membrane, respectively. 
Both membranes presented reasonably good lithium ion conductivity and ability to 
resist crossover. RFLB full cell based on PVDF/Nafion membrane delivers ~5 times 
higher volumetric energy density than conventional redox flow battery. An RFLB full 
cell with the Nafion/PVDF membrane also shows good cycling performance. This 
study further paves the way for the development of high energy density storage flow 
battery based on the redox targeting concept. 
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Yet, the RFLB full cell demonstrated in this study is far from optimized. The 
ionic conductivity of the membrane should be significantly improved in order to 
increase power output for practical application. In addition, the microstructure of the 
Li-storage materials in the tank and the flow system should be further studied to 
increase the solid materials utilization ratio. Moreover, the large potential difference 
between the redox mediators and materials also raises an intrinsic voltage hysteresis. 
New redox mediators should be developed with more suitable redox potentials to 
enhance the voltage efficiency of RFLB.  
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CHAPTER 5. OPTIMIZATION OF REDOX FLOW 
LITHIUM ION BATTERY ANODIC COMPARTMENT 
5.1 Introduction  
In previous chapters, the feasibility of redox flow lithium ion battery (RFLB) 
anodic half-cell and full cell has been demonstrated.
[1-3]
 RFLB has a unique 
configuration in which solid materials are immobile in the storage tank. By employing 
solid materials, redox flow lithium ion battery holds great potential towards high 
energy density, making it a promising technology for large scale applications, such as 
wind and solar power stations.
[4]
 Reversible chemical lithiation and delithiation of the 
solid material, or redox targeting process for which the material is lithiated (reduced) 
by a molecule with lower redox potential, while delithiated (oxidized) by another 
molecule with higher redox potential, represents the key process dictating the operation 
of RFLB. Therefore, a certain potential gap is needed between redox molecules and 
solid active materials to provide a driving force for redox targeting reactions.
[5]
 For 
example, in the previous study, LiFePO4 (3.40V vs. Li/Li
+
) was reduced by Fc and 
oxidized by FcBr2. The potential difference between Fc and FcBr2 is about 0.33 V in 
carbonate electrolyte and 380mV in TEGDME electrolyte.
[3]
 For anodic side, the 
potential difference between CoCp2 (1.90 V vs. Li/Li
+
) and CoCp*2 (1.36V vs. Li/Li
+
), 
is about 0.44 V. 
[6]
 In particular, the potential of CoCp*2 is unnecessarily low for the 





The voltage efficiency of a flow battery is defined as by the ratio of cell 
voltage between discharging and charging. The potential difference between the two 
redox molecules inevitably brings about an intrinsic voltage hysteresis, and 
deteriorates the voltage efficiency of redox flow lithium ion battery. To minimize the 
voltage loss, redox molecules with potentials close to that of active material are more 
desirable. In this chapter, the RFLB anodic half-cell is optimized by employing a 
novel redox targeting system.  Bis(pentamethylcyclopentadienyl)chromium (CrCp*2) 
is used as the reducing agent for the lithiation of TiO2, while cobaltocene is used for 
delithiation of LixTiO2. The intrinsic potential difference between CrCp*2 and CoCp2 
greatly reduced compared with the redox molecules discussed in chapter 3. In addition, 
optimization of battery architecture is conducted by using stack cell to eliminate the 
resistance which is due to membrane-electrolyte interface.
[3, 7, 8]
 Compared with glass 
cell, stack cell is preferable both in laboratorial and commercial flow batteries due to 
its relatively lower resistance. Reversible chemical lithiation and delithiation of TiO2 




5.2 Experimental Methodology 
5.2.1 Materials 
The following chemicals were used as received: 
bis(pentamethylcyclopentadienyl) chromium (CrCp*2) and cobaltocene (CoCp2), 
lithium perchlorate (LiClO4) and dehydrated propylene carbonate (PC), 
Nanocrystalline Al2O3, TiO2 paste and TiO2 powder. TiO2 pellet is prepared by 
dissolving NaCl in deionized water, with 12 mg TiO2 powder (Degussa, P25) 
dispersed in the solution. The weight ratio of TiO2 and NaCl was 9:1. The mixture 
was vigorously stirred for overnight to get uniform slurry. The slurry was 
subsequently dried in a vacuum oven, and the dried powder was pressed into a pellet. 
The NaCl was then removed by immersing the pellet into deionized water with 
continuous shaking. The resulting TiO2 pellet was dried in the oven under 80
o
C prior 
to use.  
5.2.3 Electrochemical test  
The cyclic voltammetry (CV) measurements were conducted with a 
multichannel potentiostat. A three-electrode cell was used with glassy carbon working 
electrode, lithium metal counter electrode and lithium metal reference electrode. The 
concentration of CoCp2 and CrCp*2 were both 5 mmol L
-1





 LiClO4 in PC. All the electrolyte preparations and CV measurements were 
conducted in an argon-filled glove box with H2O and O2 level less than 2 ppm.  
5.2.4 Spectroelectrochemical test 
An airtight 3-electrode optical cell was employed for the 
spectroelectrochemical measurement. FTO-Al2O3-TiO2, Pt and Ag wires were used as 
the working, counter and quasi-reference electrodes, respectively. The preparation of 
FTO-Al2O3-TiO2 electrode and the measurement have been introduced in Chapter 2 
and Chapter 3.  
5.2.5 Raman and XPS measurements  
The lithiated and delithiated TiO2 samples were washed thoroughly with PC 
in the glove box. After vacuum drying at room temperature, the electrodes were 
sandwiched with glass slides and sealed with epoxy glue for Raman measurements. 
For the X-ray photoelectron spectroscopy (XPS) analysis, the samples were sealed in 
an airtight box and transferred from the glove box into the XPS chamber.  
5.2.6 Redox flow lithium ion battery test 
The redox flow lithium ion battery performance was evaluated with static glass 
cell and flow stack cell, respectively. The glass cell contains 1mL electrolyte, and the 
concentration of redox molecules is 5 mmol L
-1
. About 4mg TiO2 was dispersed in the 
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electrolyte. The stack cell was assembled with two stainless steel plates with an active 
size of 2 cm by 2 cm. A piece of lithiated Nafion membrane was placed between the 
cathode and anode. Lithium metal was used as anode, and nickel foam was used as 
cathodic current collector. 3 mL electrolyte with 5 mmol L
-1 
redox molecules was 
employed, while the TiO2 pellet was 12mg. The molecules solution was pumped 
through the nickel foam by a peristaltic pump, while the TiO2 samples were stored in a 
glass bottle. The flow cell was charged/discharge in a galvanostatic mode in the voltage 
range of 1.2 to 2.8V. 
5.3 Results and Discussion 
Redox potentials of CrCp*2 and CoCp2 were analyzed with cyclic 
voltammetry.(Figure 5-1a) Single electron transfer reactions are observed for both 
molecules. The CrCp*2 shows well defined oxidation and reduction peaks at 1.82 V 
and 1.72 V vs. Li/Li
+
, respectively. Thus the half-wave potential could be determined 
at 1.77 V using E1/2= (Epc + Epa)/2. On the other hand, CoCp2 also shows well defined 
oxidation and reduction peaks at 1.97 V and 1.88 V vs. Li/Li
+
, respectively, yielding an 
E1/2 of 1.92 V. Since the anatase TiO2 lithiation/delithiation is at 1.80 V, 
thermodynamically TiO2 can be reduced (lithiated) by CrCp*2 and oxidized 
(delithiated) CoCp2. (Figure 5-1b) It is worth emphasizing that the potential difference 
between CrCp*2 and CoCp2 is only 0.15 V, which is considerably smaller than 
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Figure 5-1 a. CV curves of bis(pentamethylcyclopentadienyl)chromium (CrCp*2 ) and 
bis(cyclopentadienyl)cobalt (CoCp2). The potentials of CrCp*2 and CoCp2 closely straddle the 
potential of TiO2.  b. Illustration of redox targeting reactions of TiO2 lithiation and delithiation. 
 
In a redox flow lithium ion battery, solid active material is usually in large 
excess over redox molecules, which requires redox molecules to turnover for multi 
cycles in a charge/discharge process. For prolonged operation, stable and robust 
redox shuttle molecules are highly desirable to warrant a good cycle life. As shown in 
Figure 5-2, CrCp*2 and CoCp2 show no pattern change after 1000 voltammetry cycles, 






 cycle and 1000
th
 cycle curves of cyclic voltammetry tests of a) CoCp2 and b) CrCp*2. 
 
To gain further insights into the redox kinetics of both molecules, various scan 
rates were applied in the CV measurement.(Figure 5-3) Both CrCp*2 and CoCp2 
present good reversibility as the cathodic and anodic peaks remain symmetry, and only 
slight shifts with increasing scan rate. In the scan rate range from 10 to 320 mV s
-1
, the 
peak currents (ip) of both molecules show linear relationship with the square root of 
scan rate, which is a classic indication of the typical diffusion controlled reactions. The 
diffusion coefficients could be estimated based on the Randles-Sevcik equation. The 
diffusion coefficients are summarized in Table 5-1. 
 
Table 5-1 redox potential and diffusion coefficients of CrCp*2 and CoCp2 in 1M LiClO4/PC 
electrolyte.  
Molecule (Epc + Epa)/2 D 

















The diffusion coefficient of CoCp2 is one magnitude higher than CrCp*2. This 
difference is presumably caused by the volume effect of 10 methyl groups on the 
CrCp*2. Nevertheless, the diffusion coefficients of CrCp*2 and CoCp2 show 
comparable diffusion coefficients with previously reported redox species in 




Figure 5-3 Cyclic voltammetry test of a) CrCp*2 and b) CoCp2 under various scan rates; inset: linear 
fit of peak current by Randles-Sevcik equation. 
 
The chemical lithiation and delithiation of TiO2 by CrCp*2 and CoCp2 was 
scrutinized by a RFLB glass cell. The anatase TiO2 particles were dispersed in the 
PC/LiClO4 electrolyte in one compartment of the glass cell, and a lithium foil was used 
as counter electrode in the other compartment. The glass cell delivers zero capacity in 
the absence of redox molecules, since there is no electron transport between TiO2 
particles and the Ni foam electrode. In comparison, CrCp*2 and CoCp2 yield two pairs 
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of voltage plateaus in the absence of TiO2, corresponding to the sequential oxidation 
and reduction of the two redox molecules. (Figure 5-4a) When adding 5 mmol L
-1
 
CrCp*2 and CoCp2 as well as 4 mg TiO2 particles in the compartment, the cell shows 
much extended charge/discharge curves. (Figure 5-4b) In the discharge process, a 
small slope from 1.80 V to 1.70 V emerges (step a), which is due to the reduction of 
CoCp2
+
. The capacity of this plateau indicates that almost 100% of CoCp2
+ 
is reduced. 
Subsequently, a much extended plateau is found at 1.57V (step b). This plateau is 
corresponding to the reduction of CrCp*2
+
 into CrCp*2, followed by the redox 
targeting reaction of CrCp*2 on TiO2 particles, regenerating CrCp*2
+
. The charge 
process reverses the former mentioned chemical and electrochemical reactions. 
Specifically, a slope is first shown from 1.85 V to 2.05 V (step c), which is due to the 
oxidation of CrCp*2. After step c, a much extended plateau is observed at 2.11V (step 
d). This plateau is an indication of the oxidation of CoCp2 into CoCp2
+
, followed by the 
redox targeting reaction of CoCp2
+
 on the LixTiO2, regenerating CoCp2. In the 
charge/discharge cycle, TiO2 is lithiated (reduced) by CrCp*2, and the LixTiO2 is 
delithiated (oxidized) by the CoCp2
+
. From the discharge capacity, it can be estimated 
that about 0.27 Li
+
 per unit TiO2 (or Li0.27TiO2) is attained. This result indicates that 
CrCp*2 holds excellent reactivity to reduce TiO2, despite its potential is rather close to 






Figure 5-4 a) Galvanostatic charge/discharge curves of RFLB glass cell with redox molecules b) 
charge/discharge curves of RFLB glass cell with redox molecules and TiO2 materials. 
 
The structural transformation and chemical change of TiO2 caused by 
reversible chemical lithiation and delithiation were tested by X-ray photoelectron 
spectroscopy (XPS). The chemical lithiation and delithiation of TiO2 lead to significant 
changes in the XPS spectra. Prior to lithiation reaction, the titanium is in +4 valance 
state, and the Ti (2p3/2) and (2p1/2) peaks are recorded at 458.6 eV and 464.3 eV, and the 
Ti (3s) peak at 62.1 eV. (Figure 5-5) Chemical lithiation by 5 mmol L
-1
 CrCp*2 
caused the shift of Ti 2p peaks by ~2.0 eV towards lower binding energy, resulting in 
two new well-resolved Ti peaks. This shift is a strong indication of trapped electrons in 




. Meanwhile, a new Li (1s) peak is also observed at 
55.1eV after the reduction. The lithiation ratio of TiO2 is estimated to be around 19%, 
corresponding to Li0.19TiO2. The spectra transformation pattern is in good agreement 
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with the previously discussed redox targeting reaction based on CoCp*, implying a 
same chemical reaction mechanism. Despite that the redox potential of CrCp*2 (1.77 V 
vs. Li/Li
+
) is relatively closer to the potential of TiO2, the low concentration CrCp*2 
still have sufficient driving force for the insertion of Li
+
 into the TiO2 lattice. Lithiated 
sample is further subjected to oxidation by CoCp2
+
. Excellent reversibility is 
demonstrated with Ti
3+
 returning back to their original Ti
4+
 state, and Li (1s) peak 
vanishing entirely. 
 





The structural transformations in the redox targeting reaction were further 
scrutinized by Raman spectroscopy. The Raman spectrum of original TiO2 shows 5 
peaks. The lithiated sample (LixTiO2) shows a typical orthorhombic structure, which is 
different from the tetragonal structure of original anatase TiO2. 
[11, 12]
 9 active bands are 
assigned for the orthorhombic LixTiO2 spectrum, as shown in Figure 5-6.
[11]
 The 
LixTiO2 is then delithiated by CoCp2
+
. The delithiated sample shows identical Raman 
spectrum to the original anatase TiO2. Good reversibility is further confirmed and no 
remaining LixTiO2 signal is detected.  
 
 







Spectroelectrochemical analysis has been known as an efficient method to 
monitor the electrochemical lithiation and delithiation process of TiO2 in several 
reports for conventional lithium ion batteries.
[13]
 Here in situ UV-Vis measurements 
were conducted to monitor the absorbance change of TiO2 upon redox targeting 
reactions. A 3-electrode spectroelectrochemical cell was employed, in which 
FTO-Al2O3-TiO2 was the working electrode.
[14]
 The UV-vis spectra are displayed in 
Figure 5-7, and “capacitive regime” and “insertion regime” are clearly observed. The 
beginning of the reaction could be counted as “capacitive regime”, where the 
absorption increases monotonously with wavelength. The spectrum is attributed to the 
delocalized electrons without lithium insertion. After 200s, a well-developed 
absorption peak is found at 470nm, and a wide hump emerges around 750nm. 
Meanwhile, a rapid color change of the TiO2 sample is observed. This period could be 
counted as “insertion regime”, during which electron injection is now accompanied 





Figure 5-7 UV-Vis spectra of lithiation process of TiO2 under redox targeting reaction.  
 
The absorption during reversible lithiation/ delithiation process was also 
investigated under kinetics mode. Absorption at 470 nm was continuously monitored 
upon applying a constant current. (Figure 5-8) Consistent with that in the “capacitive 
regime”, the absorbance of TiO2 has almost no change in the first 100 s of reaction, 
while the voltage dropped steeply, showing a fast decrease of CrCp*2
+
 concentration. 
Subsequently, the absorbance rose dramatically with the lithiation of TiO2 by CrCp*2, 
when the electrode entered the “insertion regime”. A voltage plateau was found at 1.5V, 
corresponding to the steady concentration of CrCp*2
+
/ CrCp*2. It takes more than 
1000 seconds to finish the lithiation process. Thereafter, the sample was transferred 
into a CoCp2 solution, and subject to a reverse current. A plateau is observed at ~2.25 
V (vs. Li/Li
+
), indicating the oxidation of CoCp2 to CoCp2
+
. Meanwhile, absorbance of 





absorbance decreases to nearly zero in the end, implying LixTiO2 has reverted to TiO2 
with little residue, corroborating the good reversibility of the redox targeting reactions. 
 
 
Figure 5-8 Absorption kinetics of TiO2 recorded at 470 nm under galvanostatic mode. 
 
The voltage hysteresis of the glass cell is about 0.54 V, which results of a 
voltage efficiency of 74.4%. Although the voltage hysteresis has been significantly 
reduced by nearly 0.50 V compared with the half-cell in Chapter 3, the voltage loss is 
still unacceptably high due to the large internal resistance, which is determined by 
impedance spectroscopy to be as high as 2 kΩ. Since the two electrodes were separated 
far apart in the glass cell, large resistance might arise from the membrane and 
electrolyte, and largely the membrane-electrolyte interface. So to minimize the internal 
resistance, the cell architecture was optimized by employing a stack cell configuration 
with the two electrodes tightly pressed on the membrane. (Figure 5-9) The internal 
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resistance incurred from the electrolyte and membrane-electrolyte interface will 
become minimal. Impedance measurement indicates that the stack cell internal 
resistance is reduced to 200-300 Ω. (Figure 5-10) 
 
Figure 5-9 Schematic of redox flow lithium ion battery stack cell with the two electrodes tightly 





Figure 5-10 Impedance plot of stack cell and glass cell. The internal resistance is greatly reduced 
in stack cell. 
 
The charge/discharge was conducted for the stack cell under a constant current 
density of 0.025 mA cm
-2
. TiO2 pellet was placed externally in the storage tank, while 
the electrolyte was circulated between the storage tank and stack cell. As shown in 
Figure 5-11, the stack cell delivers similar charge/discharge curves with the glass cell, 
showing identical reaction patterns. The plateau voltages are determined by dt/dV vs. 
V curves.(inset of Figure 5-11) Two charge plateaus are found at 1.82 V and 2.02 V, 
while two discharge plateaus are observed around 1.90V and 1.70V, giving an overall 
voltage hysteresis of about 0.32V. Compared with the glass cell configuration, the 
voltage efficiency is increased to 84%.  
 





Figure 5-12 Cycle performance of RFLB half-cell based on redox molecules and TiO2 pellet 
 
As shown in Figure 5-12, The RFLB based on the pair of redox molecules and 
porous TiO2 pellets has good cycle performance. It is expected that the porous structure 
of the pellet would provide sufficient and stable contact area between the redox 
molecules and TiO2. The RFLB shows an initial capacity of 1.2 mAh, equivalent to 
Li0.25TiO2. The Coulombic efficiency of the cell is 90%-95%. However, as the pellets 
were randomly placed in the storage tank and perfect “filtering” of the redox electrolyte 
through TiO2 is yet achieved, some of the material may gradually lose reactivity with 
trapped “dead” electrolyte and cause capacity loss. The capacity retention is 62.5% 




Reversible lithiation/delithiation of anatase TiO2 is achieved via redox 
targeting reactions with CrCp*2 and CoCp2. With narrowed potential gap between 
CrCp*2 (1.77 V) and CoCp2 (1.92 V), improved voltage efficiency of 84% is 
demonstrated in a RFLB half-cell. Despite the close potentials of CrCp*2 and TiO2, 
CrCp*2 still shows excellent reactivity to lithiate TiO2. Moreover, the redox targeting 
reactions have good reversibility and stability, which are collectively substantiated by 
XPS, Raman and spectroelectrochemical methods. A demonstration cell delivers a 
Coulombic efficiency over 90%. The optimization enhances the voltage efficiency of 
RFLB anodic half-cell, and represents a significant progress in the development of 
RFLB.  
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CHAPTER 6. KINETICS STUDY ON THE RFLB 
ANODIC COMPARTMENT 
6.1 Introduction 
In previous chapters, redox flow lithium ion battery (RFLB) anodic half cells 
and full cells have been studied and demonstrated. With enhanced energy density, 
RFLB holds great promise as a grid-scale energy storage technology with high energy 
density. However, high power output is also a prerequisite for the widespread 
commercialization requires a high power output. The peak power of a flow battery is 
affected by many factors related to both the materials and battery architecture. For 
instance, early works of Skyllas-Kazacos and coworkers identified for vanadium flow 
batteries the critical role of carbon surface functional groups as they provide active 
sites to improve the reaction rates at the electrode.
[1-5]
 Researchers have developed 
different models, incorporating flow fields and electrode kinetics, to understand the 
overpotential losses in a stack cell in aqueous flow batteries.
[6-8]
 In recent years, with 
the rapid development of non-aqueous flow battery, many studies have been 
performed to enhance the rate capability of non-aqueous system. Zhao et al. studied 
the effect of flow rate on lithium iodine flow battery.
[9]
 The same authors also 
reported the rate constant of electron transfer of metallocene on electrode, which 
based on their study, was greater than other redox couples used in aqueous flow 
batteries.
[10]
 These works have helped to shed light on RFLB to some extent. 
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However, little research has been reported on the redox targeting reaction, which 
involves reversible chemical lithiation/ delithiation reactions, though this is the most 
important and unique process of RFLB. If the redox targeting reaction is slow, it can 
be potentially the rate limiting step to constrain the peak power of RFLB. The flow 
distribution and the diffusion of redox molecules through the pores of solid active 
materials in the tank may also affect the reaction rate of redox targeting, which is 
distinctively different from conventional redox flow batteries. As shown in Figure 
6-1, the overall reaction rate of RFLB will be determined by different processes. For 
example, in the discharge process of the anodic half-cell of RFLB, the reactions could 
be divided into several sections:  
. Reduction of redox mediators at electrode/electrolyte interface; 
. Circulation and diffusion of reduced redox species in electrolyte;  
. Reduction of TiO2 by reduced redox species; 
. Incorporation of Li+ into reduced TiO2 particle; 
. Lithium diffusion inside the TiO2 particle;  




Figure 6-1 Illustration of reaction processes in a redox flow lithium ion battery. 
 
Previous studies on the kinetics of TiO2 lithiation /delithiation are mainly for 
lithium ion battery. The methods are mostly based on electrochemical 
charge/discharge at different “C-rate”, in which TiO2 is directly attached on the 
current collector.
[11, 12]
 Apparently these studies are less relevant to RFLB, in which 
TiO2 is stored away from the current collector. Although some chemical methods 
have been reported in recent years,
[13-15]
 these studies mostly focus on lithium ion 
diffusion in the solid phase, leaving the interaction between solid material and redox 
species unaddressed. Moreover, the redox agents were employed in large excess and 
high overpotential to ensure fast reaction, which is different from the situation in 
RFLB. In RFLB, the solid active material is much excess compared to redox 
molecules, while the overpotential between them is controlled to be minimal. 
Recently, Jennings et al. have proposed an electrochemical approach to determine the 
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reaction rate between LiFePO4 particles and redox molecules for RFLB.
 [16]
 This 
approach employs potential step chronoamperometric measurements on a layered 
electrode. It was found the rate constant was between 1-6 s
-1 
for LixFePO4 and redox 





In this chapter, the charge transfer rate in the redox targeting reaction is 
studied by the electrochemical method proposed by Jennings et al. The chemical 
reaction is isolated from the complicated RFLB system by utilizing a porous spacer 
layer (Al2O3) and a porous active material layer (TiO2) on FTO sequentially. Moreover, 
to have an overall understanding of the charge transfer in RFLB anodic half-cell, we 
also propose a new GITT-based approach to test the reaction rate in the “operando” 
condition. The reaction rate could be estimated by fitting the open circuit voltage in 
the relaxation period. 
The lithiation reaction of TiO2 can be expressed by equation 6.1.  
𝐶𝑟𝐶𝑝∗
2




   (6.1) 
Therefore, the reaction rate 𝑟𝑅 can be expressed as, 
𝑟𝑅 = 𝑘𝑅 [𝐶𝑟𝐶𝑝
∗
2
][𝐿𝑖+]𝑥[𝑇𝑖𝑂2]     (6.2) 
Similarly, delithiation process is described by equation 6.3: 
𝐶𝑜𝐶𝑝2
+ +  𝐿𝑖𝑥𝑇𝑖𝑂2  → 𝑥𝐿𝑖
+ +  𝑇𝑖𝑂2 + 𝐶𝑜𝐶𝑝2    (6.3)   
Therefore, the reaction rate 𝑟𝑂 can be expressed as: 
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𝑟𝑂 = 𝑘𝑂 [CoCp2
+][𝐿𝑖𝑥𝑇𝑖𝑂2]      (6.4) 
In general, temperature poses a fundamental impact on the reaction rate. The 
present study solely considers the conditions at room temperature. Reaction rates 
under different temperatures are not in the scope of this study.  
6.2 Experimental Methodology 
6.2.1 Chemical reagents 
 Bis(pentamethylcyclopentadienyl) chromium (CrCp*2) and cobaltocene 
(CoCp2), LiClO4, dehydrated PC, Nanocrystalline Al2O3, anatase TiO2 paste and TiO2 
powder were used as received.  
6.2.2 Electrode preparation 
 The preparation of FTO-Al2O3-TiO2 electrode has been introduced in 
Chapter 2. The procedure is slightly modified for this kinetics study. A layer of 
aluminium oxide (Al2O3) spacer layer (thickness ~2 µm) followed by a layer of active 
material (thickness 20 µm) was deposited on Fluorine doped tin oxide (FTO) glass by 
screen printing and doctor blading. The Al2O3 film was annealed and cooled before a 
layer of anatase TiO2 was deposited on the Al2O3 film by doctor blading. The 
FTO-Al2O3-LixTiO2 was prepared by immersing FTO-Al2O3-TiO2 electrode into 
excess amount of CrCp*2 solution. Based on the results of Chapter 5, the x value 
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should be around 0.25 to 0.27, corresponding to Li0.25TiO2 to Li0.27TiO2. The 
electrode was then dried at 120°C for 24 hours under vacuum. The electrode has an 
effective area of 0.5 cm  1 cm.  
6.2.3 Chronoamperometry 
A potential step amperometry was added with the fabricated FTO-Al2O3-TiO2 
or FTO-Al2O3-LixTiO2 as working electrode, platinum wire as the counter electrode, 
lithium foil as the reference electrode and 1 mol L
-1
 LiClO4/ PC as electrolyte. The 
potential step applied on the FTO surface either oxidizes or reduces the redox 
molecules to react with the active material. This is a simulation of the process of 
regeneration of redox species on the electrodes in RFLB and the subsequent reaction 
with solid active material. The potential step on the FTO surface was set sufficiently 
large so that all the redox species nearest to the FTO surface can be assumed to be 
completely oxidized or reduced, depending on the direction of the potential step. The 
movement of the redox molecules is by diffusion only so that complication of 
convection is avoided. Therefore, the model to calculate the reaction rate could be 
simplified.  
6.2.4 Galvanostatic intermittent titration technique (GITT)  
The RFLB stack cell was assembled as the same method with previous 
chapters. 2 mL electrolyte with 5 mmol L
-1
 redox molecules was used. A ~10mg TiO2 
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pellet was put in the storage tank. The GITT test was carried out with a multichannel 
potentiostat. Prior to the GITT test, the cell was fully discharged. The GITT 
measurement was conducted within the voltage range from 1.40 V to 2.80 V under a 
constant current of 100 A for 600 s, followed by a relaxation at open circuit for 600 s. 
The procedure was continued until the voltage reached the predetermined cut-off value. 
The flow rate was about 0.5 mL s
-1
.  
6.3 Results and Discussion 
6.3.1 Electrochemical method 
In the FTO-Al2O3-TiO2 or FTO-Al2O3-LixTiO2 electrode, the redox targeting 
reaction is isolated from the chemical reaction. For example, in the lithiation process 
of TiO2, the oxidized form of the redox molecule (CrCp*2
+
) diffuses to the FTO 
surface, where it is reduced to CrCp*2 at a potential of 1.60 V applied on the FTO 
electrode. The reduced redox molecule then diffuses across the spacer layer into the 
TiO2 layer, where it is oxidized back to CrCp*2
+
 by giving out an electron to the TiO2. 
With a thick layer of active material (TiO2), a steady state will be reached and a 
constant current could be observed (Figure 6-2). The diffusion length of redox 
molecules inside the active material layer could be deduced using a potential 
amperometry model. By also measuring the effective diffusion coefficients of redox 




Figure 6-2 Concentration profile of potential step amperometry on a planar FTO-Al2O3-TiO2 
electrode. 
 
The model is considered as one-dimensional diffusion of redox molecules in 
porous medium along the x direction, which is normal to the FTO plane.
[16]
 The redox 
molecule concentration here is 0.05 mmol L
-1
, while the solid active material is 
largely in excess. Very negligible amount of solid materials will be reacted, so it will 
be reasonable to assume [TiO2] and [LixTiO2] as constant. Meanwhile, the 
concentration of lithium ion [Li
+
] is 1 mol L
-1
, which also can be regarded as constant 








]  (6.6) 
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In the lithiation process, only the reduced form of the redox molecule (CrCp*2) 
reacts with the TiO2 layer, and assume only the oxidized form (CrCp*2
+
) is initially 
present in the electrolyte with the concentration of 𝐶𝑂𝑥
∗
 (0.05 mmol L
-1
).  






   (6.7) 
 At the steady state, in the Al2O3 layer: 
𝑑2[Red]
𝑑𝑥2
= 0 (6.8) 
𝑑2[Ox]
𝑑𝑥2
= 0 (6.9) 








+ 𝑘′[Red] = 0  (6.11) 
where [Red] and [Ox] are the concentrations of reduced form and oxidized 
form of redox molecules, while Dred and Dox are the effective diffusion coefficients of 
the species. 𝑘′ is the rate constant for the reaction of redox molecules in the TiO2 
layer. The diffusion coefficients of the redox species are assumed to be the same in the 
pores of spacer layer and active material layer. The same model can be applied for the 
case of delithiation.  
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Under a sufficiently negative potential on the FTO plane, the concentration of 
the oxidized species should be essentially pinned to zero, giving the boundary 
condition: 
[Ox]|𝑥=0 = 0  (6.12) 
And the concentration of reduced and oxidized species far from the FTO plane 




[Red]|𝑥=∞ = 0 (6.14) 
Under steady state, the solution of the diffusion equations gives the expression 






Where 𝑙𝑅  is the diffusion length of the reduced species in the TiO2 film,  𝐹 is 
the Faraday constant, and 𝑠 is the thickness of the non-conducting spacer (Al2O3 in 
this case). 






𝑙𝑅 = √𝐷𝑅𝑒𝑑𝜏  (6.17) 
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2  (6.18) 
Similar expressions can be derived for the case of delithiation process during 
which LixTiO2 is oxidized (delithiated) by CoCp2
+
. This model is based on several 
important assumptions. Firstly, the reactions between redox molecules and active 
materials are kinetically limited, not diffusion control. Secondly, the model is based 
on the steady state, so a constant current should be observed instead of a Cottrell-like 
decaying current. Thirdly, in order to maintain a steady state, the thickness of active 
layer should be sufficiently large.  
The effective diffusion coefficients of redox molecules in the porous electrode 
are determined by step potential measurement on a FTO-Al2O3 electrode. It was 
assumed the redox molecules have the same diffusion coefficients in Al2O3 spacer 
and TiO2 layer. The chronoamperometry results are fitted with Cottrell equation 
below, from which the effective diffusion coefficient could be obtained. (Figure 6-3) 
𝑖 =  
𝑛𝐹𝐴𝐶√𝐷
√𝜋𝑡
  (6.19) 









 solution (1 mol L
-1
 
LiClO4/propylene carbonate) on Al2O3 coated FTO electrodes. Inset: Cottrell plot of the same 
data, illustrating that the Cottrell equation is obeyed in the beginning. Diffusion coefficients of 
all the redox species are tested via the same method. 
 
Table 6-1 Effective diffusion coefficients of redox species in 1 mol L-1 LiClO4/ PC electrolyte. 





CoCp2 1 mol L
-1
 LiClO4/ PC 1.07E-06 
CoCp2
+
 1 mol L
-1
 LiClO4/ PC 2.64E-07 
CrCp*2 1 mol L
-1
 LiClO4/ PC 1.47E-07 
CrCp*2
+
 1 mol L
-1





Figure 6-4 a) Potential step chronoamperometry of 0.05 mmol L
-1





 in mol L
-1
LiClO4/PC electrolyte on FTO electrodes-Al2O3-TiO2 electrode. 
 
Figure 6-4 shows the potential step chronoamperometry test results on the 
FTO-Al2O3-TiO2 electrode. The current remains stable after a sharp decrease. The 
constant current is a clear indication that the concentration profile on the surface of 
FTO glass has reached a steady state. The sharp decrease in the beginning could be 
attributed to the capacitive current. The current in the steady state divided the 
electrode area can be treated as the limiting current density ( 𝑗𝑙𝑖𝑚). Both lithiation and 
delithiation process follow similar pattern, which is consistent with the assumption 
that active layer is sufficiently thick and only a small amount (less than 1%) of solid 




Figure 6-5 Diffusion length and rate constant for reaction of CrCp*2 and CoCp2
+
 with TiO2/LixTiO2 
nanoparticle films, derived from steady-state current densities. 
 
According to equation (6.17) and (6.18), the diffusion length is estimated 
from the limiting current, and furthermore, the reaction rate constant could be 
determined.(Figure 6-5) The reaction rate constant (k) for the lithiation process is in 
the order of ~0.5-0.7 s
-1
, and the reaction rate constant (k) for the delithiation process 
is ~ 4.8-6 s
-1
. Apparently, the rate constant of delithiation is about 10 times higher 
than that of lithiation. This is presumably affected by the different driving forces of 
redox targeting reactions. Considering the redox potentials of CrCp*2 (1.77 V), TiO2 
(1.80 V) and CoCp2 (1.92 V), CrCp*2 has much closer redox potential to TiO2, which 
means a smaller driving force for electron transfer. Moreover, LixTiO2 is more 
conductive than TiO2, which may also facilities the redox targeting reaction of 
delithiation.
[19]
 Nevertheless, the rate constants for both lithiation and delithiation 
reactions are still sufficiently high for the use in RFLB. The high reaction rate 
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constant between solid active materials and redox molecules is a promising sign that 
RFLB anodic half-cell could support high cycling rates.  
The kinetics study by electrochemical approach provides insight into the 
operation of RFLBs from a fundamental point of view. The rate constant obtained by 
the steady-state potential step, however, may only be applicable to the particular 
active material compositions with which the measurements were performed. As such, 
the rate constant may not be used to describe the entire lithiation/delithiation process 
under different compositions. Moreover, this approach actually only measures the rate 
determining step in the disappearance of the redox molecules in the active material 
layer,
[16]
 but in the actual operation of RFLB, the charge transfer rate will be affected 
by various factors. For example, electron transfer rate is obviously affected by lithium 
insertion/extraction and diffusion in the bulk of active materials, which are however 
expected to be considerably slower than electron injection. In addition, other charge 
transfer steps, like redox molecules diffusion in the pores of solid active materials, are 
also likely to be the rate limiting step in real devices.  
6.3.2 GITT method 
In order to understand charge transfer processes of RFLB anodic half-cell, 
galvanostatic intermittent titration technique (GITT) test was carried out in the 
“operando” condition. The GITT method involves cycles of a galvanostatic pulse 
followed by an open circuit relaxation. The voltage values recorded during relaxation 
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(open circuit condition, OCV) exclude the over potential contributed by ionic 
resistance and electron transfer resistance on current collector.
[20]
 As a result, the 
OCV value is a direct reflection of the concentration of redox species near the 
electrode determined by Nernst equation: 






  (6.20) 
 
 
Figure 6-6 GITT test of a redox flow lithium ion battery half-cell; the current is 100 A; the pulse 
time is 600 s, and relaxation time is 600 s. 
 
2 mL of electrolyte was used in the GITT test and the flow rate was about 0.5 
mL s
-1
. Consequently, the whole volume of electrolyte will be circulated in 4 s. 
Compared with the pulse and relaxation time of 600 s, the flow rate is sufficiently fast 
for effective mass transport of redox species. As displayed in Figure 6-7, the GITT 
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curve reveals that overpotential is 60-100 mV in charging process. IR drop caused by 
ionic resistance of the membrane is an important part of the overpotential. Similarly 
in the discharging process, an overpotential of 120-160 mV was observed, which is 
obviously larger than that in the charging process. This is plausibly caused by the 
relatively sluggish kinetics of the redox targeting reaction of TiO2 by CrCp*2 in the 
lithiation process as compared to that by CoCp2
+
 in the delithiation process. The 
relatively smaller diffusion coefficient of CrCp*2 might also contribute to the 
overpotential, but this effect should be less significant considering the fast flow rate.  
 
 
Figure 6-7 Galvanostatic pulse and relaxations in a) changing process and b) discharging process 
of RFLB anodic half-cell. The pulse/relaxation cycles are taking at around the middle point of the 
GITT curves. 
 
Since the flow rate is sufficiently fast, it would be reasonable to assume the 
storage tank and stack cell electrode surface have similar concentration conditions. 
The redox molecule’s concentration change caused by the redox targeting reactions 
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will be reflected by the voltage change. During the relaxation time of 600 s, we could 
assume [TiO2], [LixTiO2] and [Li
+
] as constant, so equation (6.2) and (6.4) can be 
rewritten as following: 
𝑟𝑂 = 𝑘𝑂
′′ [𝐶𝑜𝐶𝑝2









 are the “effective reaction rate constant” for the RFLB anodic 
half-cell reactions.  
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  (6.25) 
Here C is a constant, m is the concentration of CrCp*2 at the beginning of relaxation, 
E
0 
is the standard cell potential, R is the universal gas constant (8.314 J K−1 mol−1), T 
is room temperature (298 K), F is the Faraday constant (9.648 ×104 C mol−1), z is the 
number of transferred electron, which is 1 in this case.  
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Figure 6-8 OCV plots during the relaxation period of lithiation process and the fitting result. The 
SOC is about 50%. The relaxation is recorded after 600 s constant discharging current pulse of 100 
A. The fitting was conducted in terms of equation (6.25). 
 
The relaxation cycle at around 50% state of charge (SOC) in the lithiation 
process is shown in Figure 6-8. The equation (6.25) gives a good fitting result with 
acceptable standard error. From the fitting, the effective reaction rate constant k can 




. Based on same approach, the reaction rate constant at 




Table 6-2 Reaction rate constant of lithiation at different SOCs. 
SOC Concentration of CrCp*2 / mmol L
-1
 k / s
-1
 
5% 0.91 0.0094 
50% 1.9 0.0081 
90%  3.68 0.0080 
 
 
Figure 6-9 Fit results of OCV during the relaxation period of delithiation process. The SOC is 
about 50%. The relaxation is recorded after 600 s constant charging current pulse of 100 A. The 
fitting was conducted in terms of equation (6.28). 
 
For the charging process, similarly, the OCV values in relaxation period can 
be fitted by equation (6.28). As shown in Figure 6-9, the fitting results match the 
experimental data well. From the fitting results, the effective reaction rate constant k 




Table 6-3 Reaction rate constant of delithiation at different SOCs. 
SOC Concentration of CoCp
+
2 / mmol L
-1
 k / s
-1
 
5% 0.65 0.0115 
50% 2.52 0.0097 
90% 4.77 0.0092 
 
It can be seen that k value determined by GITT method is nearly two orders of 
magnitude lower than the one determined by electrochemical approach. The reaction 
rate measured using the steady-state potential step method is an estimation of the rate 
of electron transfer cross the electrolyte/particle interface under the present 
experimental condition. However, the rate measured by GITT method involves other 
the charge transfer steps including redox molecules diffusion in the electrolyte, Li
+
 
diffusion in the electrolyte, Li
+
 transfer cross the electrolyte/particle surface as well as 
lithium diffusion within the active material particle which overall result in a much 
slower “effective reaction rate”. Firstly, giving the non-optimized porous structure of 
TiO2 pellet, the diffusion of redox molecules in the pores of TiO2 pellet is very likely 
to be sluggish. Therefore, optimizing the flow distribution as well as the porous 
structure in active materials could possibly facilitate the reaction rate. In addition, the 
chemical lithiation/delithiation process involves lithium insertion/extraction and 
lithium diffusion within the TiO2 bulk, which could be relatively slower and hinders 





Based on the above measured rate constant, we can roughly estimate the 
maximum possible charge/discharge rate. The current can be calculated by: 
𝐼 = 𝑞C∗𝑉𝑁𝐴𝑘  (6.29) 
Where q is the elementary charge of electron; k is the rate constant; and C* is the 
redox molecule concentration, V is the volume of electrolyte, NA is the Avogadro 
constant. For a rough estimation, we assume a RFLB with a 10.0 L tank filled with 
active material with 50% porosity, while redox species with a concentration of 0.10 
mol L
-1
 is used. Taking the reaction rate constant obtained by electrochemical method 
as 1 s
-1
, the momentary peak current that could be drawn is 48250 A. If taking the 
“effective reaction rate constant” obtained by the GITT approach as 0.009 s-1, the 
momentary peak current that could be drawn is 434.25 A. Of course, this is the wildest 
expectation requiring unrealistically large electrode to quickly regenerate the redox 
molecules, a Li
+
 conducting membrane with high conductivity and large area to allow 
the charge balancing Li
+
 from one compartment to the other, as well as an unrealistic 
powerful pump to circulate the electrolyte fast enough. Nevertheless, this estimation 
clearly indicates that the reversible chemical lithiation/delithiation reactions could be 




The redox targeting reaction rate was examined by two different approaches. 
The electron transfer rate constant determined by potential step method is 0.5-0.7 s
-1 
for lithiation and 4.8-6 s
-1 
for delithiation, and an effective reaction rate constant 
given by GITT is 0.008-0.012 s
-1
. Therefore, the redox targeting reaction is fast 
enough to support a large current in RFLB operation. Compared with other 
electrochemical methods, GITT is a more appropriate approach since it can be 
conducted in a real device. Also, the reaction rates at different states of charge can be 
easily obtained via GITT method. By setting different pulse and relaxation time, this 
method can adapt to various levels of reaction rates. 
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CHAPTER 7. NON-AQUEOUS ANOLYTE BASED ON 
BIPHENYL-LITHIUM-TEGDME SOLUTION 
7.1 Introduction 
Non-aqueous redox flow battery is a promising energy storage technology that 
has the potential for higher energy density than traditional aqueous flow battery 
because of the wider electrochemical window. In recent years, various redox active 





 and redox ionic liquids,
[19]
 etc. However, most 
of those studies are focused on the catholyte. There are only very few studies on 
non-aqueous anolyte. The potentials of most adopted anodic redox species range from 
1.50 V to 2.50 V vs. Li/Li
+
,
[2-4, 7, 12, 13]
 which are too positive to render a high cell 
voltage. As a result, these systems still fall short of high energy density.  
In previous chapters, we discussed the RFLB anodic half-cell based on TiO2 
as well as the full cell. Despite the promising result of enhanced energy density, it 
should be pointed out that the potential of anodic half-cell is relatively positive, and 
the cell voltage of RFLB full cell is still low. An anolyte with low potential is desired 
to solve this problem. Another popular choice for the anode is metallic lithium, due to 
its extremely high capacity and low potential,
[9, 10, 15, 16, 19-25]
 but hybrid system 
sacrifices the flow mode on the anodic side, which results in reduced operation 
flexibility. In addition, the metallic anode suffers from poor cycling performance 
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upon repeated stripping and plating. Therefore, to achieve high energy density while 
keeping flowable anolyte, it is desirable to find a proper anolyte with high 
concentration and low potential. 
Organic alkali metal solution, which was discovered a century ago, provides 
a novel approach for anolyte of redox flow battery. It has been found that alkali metals 
could directly react with certain aromatic hydrocarbons in organic solutions, mostly 
ethereal solvents, in the 1920s.
[26-31]
 Alkali solutions were reported to be strong 
reducing agents, and have been used for synthetic chemistry.
[32, 33]
 The strong 
reduction property of these solutions is actually a good implication of low redox 
potential. Biphenyl is well-known as an overcharge protection additive.
[34-38] 
Although the electrochemical activities of organic alkali solutions are previously 




This chapter investigates the organic alkali solution of lithium in biphenyl (BP) 
with tetraethylene glycol dimethyl ether (TEGDME) as the solvent, forming a redox 
active solution (hereafter denoted as BP-Li-TEGDME) for redox flow battery 
applications. We found the lithium concentration could exceed 2.0 mol L
-1
. More 
importantly, this solution shows a reversible electrochemical behavior in the cyclic 
voltammetry test. It delivers a low redox potential close to that of metallic lithium, 
which makes it suitable to be used as anolyte in non-aqueous redox flow battery.  
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7.2 Experimental Methodology 
7.2.1 Preparation of BP-Li-TEGDME solution 
The preparation of BP-Li-TEGDME solution has been introduced in Chapter 
2.  The resulting BP-Li-TEGDME solution was dark blue and viscous (Figure 7-1). 
The whole preparation process was conducted in an argon-filled glove box.  
 
 
Figure 7-1 Procedure of preparing BP-Li-TEGDME solution. 
 
7.2.2 Electrochemical test 
The cyclic voltammetry (CV) measurements were conducted with a 
multichannel potentiostat (Metrohm Autolab, PGSTAT302N) in an argon-filled glove 
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box. A three-electrode electrochemical cell was employed, in which a gold disk 
electrode, a platinum wire and a silver wire was used the working, counter and 
quasi-reference electrodes, respectively. The potential of quasi-reference electrode 
was calibrated with ferrocene (Fc/Fc
+
), and calculated against Li/Li
+
. 1 mol L
-1
 LiClO4 
was added in the solution as the supporting electrolyte. The galvanostatic 
measurement was carried out in a two-electrode static stack cell with lithium metal as 
the counter electrode and a lithium ion conducting PVDF membrane. The net current 
was 0.10 mA and current density was 0.025 mA cm
-2
. 
7.2.3 FTIR and UV-Vis test 
The FTIR measurement was conducted with spectral range of 400 to 1300 cm
-1
. 
The UV-Vis absorption measurement was conducted on BP-Li-TEGMDE solution in 
an airtight optical cell. The spectra were collected in the range from 300 nm to 1600 
nm. All the measurements were conducted at room temperature.  
7.2.4 Redox flow lithium battery test 
2 mL BP- Li-TEGDME solution was used as the anolyte with 1 mol L
-1
 LiClO4 
as the supporting electrolyte. A piece of nickel foam was used as the current collector 
for the anode. The catholyte contains 10 mmol L
-1
 ferrocene (Fc) and 10 mmol L
-1
 
dibromoferrocene (FcBr2) dissolved in 2 mL 1 mol L
-1
 LiClO4/TEGDME electrolyte. 8 
mg LiFePO4, equivalent to 25 mmol L
-1
, was put in the cathodic storage tank. A piece 
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of carbon felt was used as the cathode current collector. A PVDF membrane was 
placed between the cathodic and anodic electrodes. All the battery tests were 
performed in an argon-filled glove box at room temperature. 
7.2.5 Computational details 
The computational calculation was performed by Dr. Yang Jing. Geometry 
optimization and electronic structure were carried out by the B3LYP functional in 
combination with the all electron 6-311++G (d,p) basis set. The optimized structures 
were used as input for harmonic vibration frequency calculations which were 
calculated with the same level. And the vibration modes were assigned by means of 
visual inspection using the Gaussview program.  
7.3 Results and Discussion 
Ethereal oxygen atom in the solvent is reported to play a critical role in the 
reaction of alkali metal with aromatic hydrocarbons.
[34]
 TEGDME, which has been 
widely reported as electrolyte solvent in lithium-air batteries, is selected as the solvent 
in this study.
[35]
 The BP-Li-TEGDME solution was prepared by dissolving lithium 
metal in the biphenyl/TEGDME solvent. The mixing ratio of metallic lithium and 
biphenyl is 1:1 (molar). Under this ratio, the maximum concentration solution contains 
2 mol L
-1
 Li and 2 mol L
-1
 biphenyl, denoted as BP(2 M)-Li(2 M)-TEGDME.  
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Infrared spectroscopy was employed in this study to characterize the ion 
associations in BP-Li-TEGDME solution. Figure 7-2 shows the FTIR spectra of 1 mol 
L
-1 
lithium metal solution in biphenyl-TEGDME solution. The spectrum of 1 mol L
-1 
biphenyl/TEGDME solution is first recorded. The dissolution of lithium metal results 
in quite different spectra, which implies that lithium ion interacts with the solvent as 
well as biphenyl molecules. Two new humps appear at 460 cm
-1
 and 580 cm
-1
. These 
new peaks have been assigned to specific vibration mode by means of theoretical 
study.   
 
 
Figure 7-2 Experimental IR and Calculated FTIR spectra of BP-Li-TEGDME complex of 1 mol L
-1 
biphenyl in TEGDME solution before and after dissolution of metallic lithium. 
 
The calculation was based on two possible structures: single-oxygen bonded group 
and the bi-oxygen bonded group. The experimental IR spectra of BP-Li-TEGDME can 
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be regarded as a linear combination of the calculated ones. The BP-Li-TEGDME 
demonstrates a peak at 465 cm
-1 
which is assigned to a jumping vibration of Li between 
the phenyl ring and the oxygen atoms of TEGDME. Moreover, BP-Li-TEGDME 
shows a peak at 574 cm
-1
, resulting from the interaction of a Li
+
 with both the biphenyl 
and oxygen in TEGDME. These two vibrations account for the changes in the IR 
spectra before and after the lithium dissolution and support the existence of the 
BP-Li-TEGDME complexes. From the computational and experimental results, we can 
conclude that charge-transfer process occurs between lithium and biphenyl followed 
by coordination of the Li
+
 with ether oxygen atoms in TEGDME, which further 
stabilizes the complex. 
 
  
Figure 7-3 UV-Visible absorption spectra of BP-Li-TEGDME. The concentration is 0.10 mol L
-1
. The 




The UV-Vis absorption measurement was conducted with 0.10 mol L
-1
 
BP-Li-TEGDME solution in the wavelength range of 300-1600 nm (Figure 7-3). 0.10 
mol L
-1
 BP/TEGDME was used as the baseline. As shown in the UV-Vis absorption 
spectrum, a mono peak is observed at about 315 nm. This peak is attributed to the 
typical biphenyl radical absorption, implying the reduction of biphenyl by metallic 
lithium.
[36]
 So the UV-Vis spectroscopic measurement corroborates the charge transfer 
between lithium and biphenyl and existence of biphenyl radical, which is in good 
consistency with the infrared spectroscopy and computational results. The peak 
position is close to the previous reported alkali solutions in THF and DME, which may 








Figure 7-4 Cyclic voltammetry result of 0.1 mol L
-1
, 0.2 mol L
-1
, 0.5 mol L
-1
, 1.0 mol L
-1
 
BP-Li-TEGDME. Working electrode: gold disk; counter electrode: Pt; reference electrode: silver 




To investigate the electrochemical properties of the Li-BP-TEGDME charge 
transfer complex, cyclic voltammetry (CV) test was performed with the 1 mol L
-1
 
solution (Figure 7-4). The CV curve shows quasi-reversible oxidation/reduction with a 
pair of diffusion-controlled redox peaks. Single-electron transfer reaction is identified, 
in which the BP-Li-TEGDME exhibits a well-defined oxidation peak at 0.61 V (Epc) 
and reduction peak at 0.16 V (Epa) vs. Li/Li
+
, respectively, yielding a half-wave 
potential (E1/2) of 0.39 V vs. Li/Li
+
 calculated by E1/2 = (Epc + Epa)/2. To the best of our 
knowledge, this potential is the lowest among the reported anolytes in non-aqueous 
redox flow batteries.
[1-4, 7, 13, 17, 39]




TEGDME ∙ 𝐿𝑖+𝐵𝑃∙−  ↔ 𝐿𝑖+ + 𝑇𝐸𝐺𝐷𝑀𝐸 + 𝐵𝑃 + 𝑒−  (7.1) 
 Peak split of the CV curve is relatively large (0.45 V), presumably attributed 
to the high viscosity of the solution and slow kinetics of the reactions. Varying the 
concentration of lithium in BP-TEGMDE solution does not significantly affect the 
redox potential (Figure 7-4), implying the same redox reactions under different 
concentrations.  
The reversible redox activity of BP- Li-TEGDME complex was further tested 
by galvanostatic measurement in a static stack cell. A piece of lithium foil was used as 
the anode, and a piece of nickel foam soaked with BP(2 M)-Li(1 M)-TEGDME 
solution as the cathode. 1 mol L
-1
 LiClO4 was added as the supporting electrolyte. It 
has been reported that dilution or addition common ion salts will not have significant 
impact on the ion association of biphenyl-metal-ethereal, so adding LiClO4 is 
assumed not changing the electrochemical properties.
[40]
 The cell was demonstrated 
with a constant current density of 0.025 mA cm
-2
. Based on the voltage profiles, 
functional charge-discharge behavior is shown within the voltage range from 0.10 V to 
1.50 V. As displayed in Figure 7-5, a slope from 0.70 V to 1.50 V is observed in the 
charging process, corresponding to the oxidation of BP-Li-TEGDME, while a slope 
from 0.35 V to 0.10 V is observed in the discharging process, corresponding to the 
reduction (Equation 7.1). The large voltage gap between the charging and discharging 
processes could be a result of slow mass transport in static cell configuration and 
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sluggish reactions of BP- Li-TEGDME on the electrode as indicated in CV 
measurement. The above result has demonstrated reversible redox activity of 
BP-Li-TEGDME as low potential anolyte. 
 
Figure 7-5 Galvanostatic curve of BP(2M)-Li(1M)-TEGDME in a static stack cell. The current 





Figure 7-6 Schematic illustration of the configuration of a redox flow lithium-ion battery (RFLB) 




The BP-Li-TEGDME solution was then coupled with the RFLB cathodic 
compartment to form a RFLB full cell. As illustrated in Figure 7-6, both catholyte and 
anolyte were circulated via peristaltic pumps, which will facilitate the mass transport. 
The cathodic compartment employed a half-cell based on the redox-targeting concept: 
LiFePO4 particles, along with ferrocene (Fc) and dibromoferrocene (FcBr2) as the 
shuttle molecules, were put in the LiClO4/TEGDME electrolyte.
[41-43]
 The anolyte was 
composed of BP(2 M)-Li(1 M)-TEGDME with 1 mol L
-1
 LiClO4. Compared with the 
non-aqueous anolyte RFBs reported in recently years, the BP-Li-TEGDME possesses 
greatly improved concentration. Moreover, the low potential of BP-Li-TEGDME 
enables high operation voltage for the full cell.




Figure 7-7 charge/discharge curve of redox flow lithium ion battery at a constant current density 






        
Figure 7-8 Cycling performance of the redox flow lithium ion battery with BP-Li-TEGDME anolyte 
and LiFePO4 cathodic compartment. 
 
The reaction in the anolyte may follow the equation (7.1), while the reactions in 
the catholyte can be denoted as the following equations:
[42]
 
Charging process:  
Fc → Fc+  +  e−  (on current collector)  (7.2) 
FcBr2 →  FcBr2
+ + e− (on current collector)  (7.3) 
FcBr2
+ + LiFePO4 → FcBr2 + FePO4 +  Li
+  (in tank)  (7.4) 




+ + e− →  FcBr2  (on current collector) (7.5) 
Fc+ + e− → Fc (on current collector) (7.6) 
Fc + FePO4 + Li
+ → Fc+ + LiFePO4 (in tank)  (7.7) 
An open circuit voltage (OCV) of ~3.00 V was observed in this study, which is 
attributed to the potential difference between ferrocene (3.40 V vs. Li/Li
+
 in TEGDME) 
and BP-Li-TEGDME (0.39 V vs. Li/Li
+
). The voltage is significantly higher than those 
of the previously reported all redox-flow batteries.
[5, 13]
 The RFLB full cell is cycled 
between 2.00 V and 3.80 V under a constant current density of 0.025 mA cm
-2
. Figure 
7-7 displays the initial 3 cycles of a preliminary charge/discharge test. There are two 
plateaus at 3.15 V and 3.50 V in the charging process, corresponding to reaction (7.2) 
and (7.3), respectively; while at the higher voltage plateau, FcBr2
+ 
reacts with LiFePO4 
in the tank according to reaction (7.4). Two plateaus are also shown at 3.07 V and 2.75 
V in the discharging process, corresponding to reaction (7.5) and (7.6), respectively. In 
the lower voltage plateau, FePO4 is lithiated by chemical reduction of Fc (reaction 
(7.7)). Based on the charge/discharge curves, it can be calculated that about 40% of the 
capacity of LiFePO4 is utilized in the first cycle. Stable cycling performance of 20 
cycles is obtained with a CE over 90%, indicating good reversibility of 




A redox active biphenyl-Li-TEGDME complex was prepared via a facile 
method by dissolving lithium metal in biphenyl with TEGDME as the co-solvent. The 
obtained BP-Li-TEGDME solution was proved to be a promising candidate as anolyte 
for non-aqueous redox flow battery. Its solubility exceeds 2.0 mol L
-1
 and has a redox 
potential of 0.39 V vs. Li/Li
+
. The BP-Li-TEGDME was readily to be coupled with 
catholyte to form a full redox flow cell. In this study, LiFePO4 and Fc, FeBr2 as redox 
molecules were employed in the cathodic side. The battery performance, which was 
carried out in typical redox flow battery architecture, demonstrated a cell voltage about 
3.00 V, which is significantly higher than the reported all-flow redox flow batteries. 
The dendrite free property of BP-Li-TEGDME makes it suitable for long term cycling, 
and the good reversibility enables a Coulombic efficiency over 90%. The facile 
preparation process of the anolyte also makes it possible to reduce the overall cost of 
the flow battery system. Moreover, the strategy can be used as a universal method to 
prepare other organic redox-active alkali metal complexes by utilizing other alkali 
metals (such as sodium), other aromatic hydrocarbons and ethereal solvents.  
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CHAPTER 8. CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE WORK 
8.1 Conclusions 
In this thesis, the anodic compartment and the full cell of redox flow lithium 
battery (RFLB) were systematically studied. The main objective of demonstrating 
RFLB anodic compartment was achieved in this work via employing redox targeting 
concept and organic lithium metal solution. The RFLB full cell was realized for the 
first time, with which energy density has been greatly improved without sacrificing the 
safety and operation flexibility by utilizing the modular design of redox flow battery.  
With the redox targeting reactions of CoCp*2 and CoCp2 on TiO2, reversible 
lithiation/delithiation of anatase TiO2 was achieved without attaching the TiO2 material 
onto an electrode. Unambiguous evidence was retrieved from XPS and Raman spectra, 
which proved TiO2 was lithiated by CoCp2* and delithiated by CoCp2. Meanwhile, the 
chemical lithiation and delithiation was more reversible compared with those of 
traditional electrochemical lithiation and delithiation. This improvement originates 
from the homogeneous contact between TiO2 particles and redox electrolyte. This 
result consolidates the concept of redox flow lithium battery and represents a necessary 
step towards the development of redox flow lithium battery full cells.  
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Based on the work on the anodic compartment, the full cell of the redox flow 
lithium ion battery was built. To the best knowledge of the author, this might be the 
first device utilizing redox targeting in both the cathodic and anodic compartments. 
LiFePO4 and TiO2 were chosen as the cathodic and anodic materials. The full cell 
shows functional charge-discharge. Three plateaus are observed in the charging and 
discharging processes, with voltages consistent with the potentials of redox shuttle 
molecules. Both cathodic material (LiFePO4) and anodic material TiO2 are involved 
into the charge/discharge process. The RFLB full cell delivered a volumetric energy 
density of 225 Wh L
-1
, which is ~5 times higher than conventional RFBs. 
The optimization of RFLB anodic compartment was conducted by using more 
suitable cell architecture and redox molecules. By utilizing the stack cell architecture, 
the internal resistance of RFLB was reduced by one order of magnitude. This could be 
attributed to the direct contact between the current collector and the membrane, which 
eliminates the interfacial resistance at the surface of the membrane. With narrowed 
redox potential gap between CrCp*2 (1.77 V) and CoCp2 (1.92 V), improved voltage 
efficiency of 84% was successfully demonstrated. Despite the smaller potential gap, 
CrCp*2 still possesses sufficient reactivity to lithiate TiO2. Good reversibility and 




The reaction kinetics of the chemical lithiation/delithiation TiO2 by CrCp*2 and 
CoCp2 were investigated by an electrochemical method and an operando GITT 
method. It has been concluded the redox targeting reactions are sufficiently fast and 
unlikely to be the rate limiting step in the system. The methods proposed in this work 
provide reliable approaches to estimate the overall reaction rate between redox 
species and solid active materials.  
Redox-active organic lithium solution was obtained by dissolving metallic 
lithium with biphenyl in TEGDME. 2 mol L
-1
 concentration was demonstrated, while 
the redox potential of such solution was about 0.39 V vs. Li/Li
+
. The high 
concentration and low redox potential make it a promising candidate as anolyte for 
non-aqueous redox flow battery. The dendrite free property of BP-Li-TEGDME 
makes it suitable for long term cycling. Meanwhile, the preparation process of 
BP-Li-TEGDME solution is simple and facile, which is meaningful to lower the cost.  
8.2 Recommendations for Future Work  
For anodic compartment of RFLB, we anticipate that redox targeting reactions 
on anodic materials, such as Li4Ti5O12 could be attained in a similar way by using 
suitable redox mediators.
[1-4]
 Other than that, the Li
+
-coupled redox targeting reactions 
can in theory be applied to any Li-storage materials, including those intensively studied 
Li-S systems, and even other battery chemistry.
[5]
 High porosity and large surface area 
are required for the solid materials for fast redox targeting reactions.
[6]
 In Chapter 5, 
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we have demonstrated the functionality of porous TiO2 pellet. For future work, the 
porous structure of solid materials fitted in the storage tank should be studied. Flow 
distribution in the solid materials should be investigated and proper model should be 
built. 
The investigation on redox-active organic lithium solution is still preliminary. 
Future research shall be performed for even higher solubility, lower viscosity and 
robust redox chemistry. The diffusion and electron transfer kinetics should be also 
studied. Moreover, other organic redox-active alkali metal complexes, such as 
sodium-based aromatic hydrocarbons, can be explored via similar strategy. 
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